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Chapter I
Introduction
1 Motivation
Due to fascinating applications in a variety of fields such as gas storage, [1–3] sepa-
ration science, [4] optics, [5] catalysis [6] or magnetochemistry, [7] the last decades
have witnessed tremendous growth in the synthesis of Coordination Polymers (CPs).
The standard route involves self-assembly of metal cations and organic ligands is
much more efficient when the concepts of Crystal Engineering are exploited.
Despite the huge growth in quantity, structural control and prediction of the self-
assembly products remain an open question. Apart from the ligand and metal
cations involved, the assembly processes are still influenced by numerous factors,
such as temperature, pH value and additional weak interactions. In the early 1990s,
R. Robson [8] reported examples of rationally designed CPs from post-self-assembly.
According to this approach, further components may be added to an existing unit
and produce the aforementioned properties in a more controlled way. Following this
strategy, the stepwise synthesis towards bimetallic CPs has been developed (Fig. 1).
A variety of ditopic ligands, including Schiff bases, [9] pyridinedicarboxylates, [10,11]
aminopolycarboxylic acids [12] and N donor functionalized acetylacetonates, [13–18]
represent attractive constituents for building blocks which may be further crosslinked
by additional cations. Among these ditopic ligands, N donor functionalized acety-
lacetonates have proven particularly successful. Two obvious reasons for this success
shall shortly be mentioned: the chelating nature of the acetylacetonato moiety con-
veys additional stability to metal coordination by this group of the ditopic linker,
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Figure 1: Step-wise construction of a bimetallic complex.
and the different Pearson hardnesses [19] of the potential coordination sites favour
crosslinking of different cations without disorder.
Scheme 1: Two N donor functionalized acetylacetonates used in this thesis.
In this thesis, two N donor functionalized acetylacetonates are used as ditopic lig-
ands: 3-cyano-2,4-pentanedione (HacacCN) and 3-(3,5-dimethyl-pyrazol-4-yl)pentane-
2,4-dione (H2acacPz). As shown in Scheme 1, both ligands possess O and N donor
sites of different Pearson hardnesses, which may allow the synthesis of Secondary
Building Units (SBU) with uncoordinated N-donor sites. However, they differ sig-
nificantly with respect to linker length, proton number and acidity. HacacCN has
proven a feasible ligand for bimetallic systems, whereas H2acacPz has not been used
as ditopic ligand, let alone to synthesize bimetallic compounds. Since nitrile group
is known as a weak donor, H2acacPz is expected as a better N donor than the Ha-
cacCN. Considering disparities between the two ligands, this research is based on
the following points:
i: Synthesis and crystal chemistry of HacacCN has been described well in the litera-
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ture. [20] Although synthesis of the pyrazolyl substituted ligand H2acacPz has been
reported by W. L. Mosby, [21–23], its crystal chemistry is not yet known. Char-
acterization of this ligand covers a combination of single crystal X-ray diffraction
(SCXRD), powder X-ray diffraction (PXRD), nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS).
ii: Earlier work with HacacCN has covered the O,O’ coordination chemistry of
Cu, Fe, [16] Cr, [17] Al, [24] and rare earth cations. [18, 25] All previous examples
with the exception of a Cu/Ag bimetallic ladder structure involve coordination of
tris(acacCN−) at the cation. [16] Study of this ligand is focused on the bis(acacCN−)
metal based SBU and their cross-linking behaviour towards Ag(I).
iii: In contrast to HacacCN, both the pyrazolyl and the acetylacetone moiety of
H2acacPz may be deprotonated, and the question about preferred O or N coordi-
nation has not yet been answered. Regioselective reaction of this ligand does not
only rely on the properties of the coordinated metal center, but also on the selective
deprotonation approach.
iv: When a SBU comes across a second cation for cross-linking reaction, its stability
and inertness dictate whether it could maintain the initial geometry or not. In the
previous cases of labile SBUs, they could go through degradation, transmetallation
[24] or including an extra ligand in their coordination sphere. [18] Depending on
the situation, the generated bimetallic networks could be cationic or neutral. In the
former case, the obligatory counteranions are essential in extending the structure,
whereas, in the latter case, the structures of the formed bimetallic compounds are
solvent-dependent.
v: Single crystal X-ray diffraction(SCXRD) analysis is used as key technique to
gain insight into the structural features of the investigated compounds. Structural
chemistry of solid material including disorder, twinning and phase transition are
investigated mainly by SCXRD and sometimes with the help of PXRD.
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2 Overview of Related Work
2.1 N Donor Functionalized Acetylacetonates
As a subset of ditopic ligands, N donor functionalized acetylacetonates are attractive
for constructing bimetallic complexes via a step-wise approach, because of their
predictable and tunable coordination patterns. Different Pearson hardnesses [19]
of their potential coordination sites favour regio-selective reactions for obtaining
SBUs with unoccupied coordination sites. In addition, the chelating nature of the
acetylacetonato moiety ensures relative low lability of the SBU. By tuning the N
donor substituent, considerable diversity could be introduced into the bimetallic
system.
Acetylacetonates can be functionalized in several positions; for reasons of symmetry
3-substitution and 1,5-disubstitution are most attractive for the formation of ordered
structures. In this thesis, research interest is focused on 3-substituted acetylacet-
onates. Three examples of 3-substituted Hacac derivatives have been compiled in
Scheme 2.
Scheme 2: Examples of ditopic Hacac derivatives.
All the ligands show similarity in the acetylacetonato moiety, however, their co-
ordination capacities differ significantly. For HacacCN, an efficient synthesis was
introduced by Silvernail et al. [20] This ligand acts as a (substituted) acetylacet-
onate towards many different cations but successive N coordination is limited to
Ag or Cu. [16–18, 24–26] A different coordination behaviour was observed for the
pyridyl derivative HacacPy. It was first applied as linker in a discrete supramolecu-
lar structure. [27] Complexes in which this ligand acts as O [13] or N [14] donor and
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extended bimetallic structures in which it links different cations [13–15,28–30] have
been described. Quite obviously, HacacPy is a significantly better N donor than
HacacCN. In addition to cation coordination, the pyridyl N has been used as nu-
cleophilic group in halogen bonds. [31] For H2acacPz, a beryllium complex featured
O,O’ coordination was published by Boldog et al. [32]. Until very recently, this was
the only structure documented in the CSD; [33] we are, however, aware of a Chinese
patent and a just accepted paper in Chem. Commun., in which a Cu(II)-based chain
polymer and a Pd/Fe based cage of HacacPz− were described, respectively. [34, 35]
Similar to the aforementioned alternatives, H2acacPz offers O and N donor sites
of different Pearson hardnesses. [19] In addition, since both the pyrazolyl and the
acetylacetone moiety may be deprotonated, the competition in deprotonation bring
us a question: is H2acacpz a acetylacetonate or a pyrazole?
Moving from single site coordination to ditopic topology, acacCN− is associated with
metal· · ·metal distances of ca. 8 A˚ and acacPy− of ca. 9.7 A˚ (Scheme 2). H2acacPz
should rank in-between the shorter acacCN− and the longer acacPy− linker. In
principle, a longer metal· · ·metal distance allows more voids in the structure, which
can be filled either by penetration or solvents. In fact, one way to synthesize metal-
organic frameworks(MOFs) with larger voids is using longer organic(rigid) spacers.
A clear difference between the Fe/Ag bimetallic complexes based on acacCN− and
acacPy− could be taken as a vivid example of this effect.
Despite the similar geometry of Fe(acacCN)3 and Fe(acacPy)3, disparities between
them become clear when they undergo cross-linking reactions with AgNO3: the
former resulted in a chain polymer with one of the three cyanide groups remains
uncoordinated in each Fe(acacCN)3 moiety, [16] whereas the latter produced a 2D
porous structure with channels in the shape of hexagon. [30]
In contrast to HacacCN and HacacPy, additional coordination modes are expected
for H2acacPz. However, this additional coordination complexity as well as the in-
creased spacer length implies additional obstacles to isolate crystalline products from
H2acacPz. As shown in Fig. 3, from HacacCN to HacacPy and H2acacPz, the search
in CSD results in decreasing entries.
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Figure 2: Comparison of the Fe/Ag bimetallic complexes based on acacCN− (up) and
acacPy− (bottom). [16,30]
Figure 3: Histogram showing entry numbers of coordination compounds in CSD based on
HacacCN, HacacPy and H2acacPz; number of total entries in blue, number of entries with
O,N’ coordination in red.
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2.2 Secondary Building Unit
Step-wise approach, a subset of post synthesis, was proposed at the beginning of the
1990s to overcome the difficulty in introducing the desired properties to an existing
unit in a more controlled way. A pioneering example was given by R. Robson’s
group in 1990. [8] By mixing Zn(CN)2 with CuBF4 and N(CH3)4BF4, a bimetallic
framework of Zn(CN)2 type can be constructed (Fig. 4).
Figure 4: Synthesis of a [N(CH3)4][CuZn(CN)4] complex from zinc cyanide. [8]
In the following two decades, use of post-synthesis modification has been developed
in various realms, such as supramolecular chemistry, layered systems, and Metal
Organic Frameworks (MOFs). Among them, the development for MOFs is most
impressive and thoroughgoing. This powerful synthetic approach has grown in pop-
ularity and resulted in many advances in the functionalization and application of
MOFs.
For the construction of bimetallic coordination compounds, an intermediate com-
plex, which can act as secondary building unit(SBU) in the network formation, needs
to be synthesized aforehand. This metallo-ligand can then be used to react with a
second metal center. For substituted acetylacetonates, a step-wise reaction mostly
starts from the O side because of the basic stability requirement for the building
block.
Depending on the differences in ligand exchange rate, dissociation energy and crystal
field stabilization energy, the building block can vary from inert to labile. An inert
building block can avoid side reactions and maintain its geometry, whereas a labile
building block may reorganize its coordination sphere or even be substituted by the
7
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second cation. Fig. 5 lists three building units with similar geometry but different
lability.
Figure 5: Building blocks based on Cr(III), Al(III) and Ce(III) with increasing lability.
[17, 18,24]
These three building blocks behave distinctly in the crosslinking reaction with Ag(I).
In the case of the inert building block Cr(acacCN)3, crosslinking with Ag(I) leads to
positively charged networks [17] and obligatory counteranion in the bimetallic struc-
ture. In contrast to this inert building block, Ce(acacCN)3(H2O)2 is a typical exam-
ple for labile building block which reorganizes its coordination sphere from neutral
tris(ligand) to monoanionic tetra(ligand) building unit together with a monocation
such as Ag(I) results in neutral networks (Fig. 6). As no counteranions outside the
network are present, reaction solvents play an important role in determining the
resulting structure. [18]
Figure 6: Cross-linking reaction of Ce(III) building block with Ag(I) leads to the reorga-
nization of the coordination sphere of Ce(III). [18]
Due to lacking crystal field stabilization of the transition metal, Al(acacCN)3 is a
building block ranking between labile and inert. [24] Subtle changes such as solvents
or counter anions of the Ag(I) salts influence the reaction decisively. In addition to
8
Chapter I. Introduction
normal inclusion of Ag(I), partial degradation and transmetallation of the central
Al(III) cation are also encountered in the cross-linking reaction (Fig. 7).
Figure 7: Three types of reaction have been encountered for the Al(acacCN)3 building
block. [24]
However, very recently, Z.-M. Chen et al. provided an example of step-wise synthesis
from the N side, in which a HacacPz− based Pd(II) dimer was used as primary
metallo-ligands for the synthesis of an organo-heterometallic cage. [35] For N-donor
functionalized acetylacetonates, this is the only example of nitrogen side started
step-wise synthesis. Such strategy, using a second chelating ligand, can be developed
to stabilize the N-based building block, which might be suitable for crosslinking
reaction.
Figure 8: Synthesis of an organo-heterometallic cage via step-wise reaction.
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2.3 Reticular Chemistry and Topological Analysis
The past decades witnessed tremendous development of design and synthesis of coor-
dination polymers(CPs). Accompanying with the growth in quantity, its structural
complexity also increased. [36] The realization that CPs can be designed and syn-
thesized in a controlled way from molecular building blocks led to the emerging field
of reticular chemistry. [37] Because of the explosive growth, a need has arisen for
simplification and further nomenclature, classification, identification, and retrieval
of these structures.
Figure 9: Synthesis of a targeted microporous solid from the directed assembly of two
types of hexagonal building units. [38]
For a coordination polymer with a complex structure, an improved way of under-
standing connections between atomic or molecular building units can be achieved by
simplifying their structures into a simpler net. In such a net, nodes represent certain
10
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atoms, ions, molecules, or larger SBUs, while the linear links represent the connec-
tions between them. This is the basic idea behind so called topological analysis of a
structure. With the help of the topological approach, a better understanding of the
underlying connectivity of a material may be accomplished, as its practice success
in reticular chemistry of constructing the targeted CPs with desired features. Fig.
9 shows a successful example in reticular chemistry, in which a microporous solid is
obtained via the directed assembly of two types of hexagonal building units. [38]
In the 3-periodic nets two topology descriptors, point and vertex symbol, are widely
used. No matter which type of symbol is used, the calculation is based on analysis of
shortest circuits at the angles of each vertex. The number of nodes in each shortest
circuits are counted. [39–42]
For a n-coordinated vertex there are n(n-1)/2 angles and the shortest cycle at each
angle is identified. The point symbol with the form of Aa.Bb.Cc... (A < B < C)
stands for a angles with shortest cycles of A-cycles, b angles with shortest cycles
of B-cycles, c angles with shortest cycles of C-cycles...Therefore, the sum of a + b
+ c + ... is n(n-1)/2. From the point symbol, ring size can be inspected easily.
However, sometimes the point symbol is not enough, because some networks can
have the same point group symbol. For example, both of srs and ths net possess
a point symbol of 103. Thus, an extended version, vertex symbol, was devised by
O’Keeffe, [43] in which the count of constructing those shortest cycles was calculated
for each pair of links sticking out from a vertex. Vertex symbols contain more and
accurate information of the connection. However, when it comes to high coordina-
tion numbers, vertex symbols are not suggested to be used, as it is too cumbersome
in that case. [36,41]
As discussed in last section, O,O’ coordination compound of a N-donor function-
alized acetylacetonate can be used as secondary building units for constructing
bimetallic coordination polymers. This controlled step-wise approach should also
belong to the scope of reticular chemistry, although the latter is concerned largely
with the syntheses and properties of metal organic frameworks (MOFs). [44]
Depending on the valence state of the metal cation, the building blocks can be
categorized into several classes with respect to connectivity (Scheme 3). Types
II and III may be described as nodes of higher connectivity, [17, 24] whereas type I
represents a simple linear spacer. [16,45]. Combination of these well-defined building
units with a second well defined nodes, which is a second cation in our case, greatly
11
Chapter I. Introduction
Scheme 3: Building blocks with 2, 3 and 4-fold connectivity derived from substituted
acetylacetonates.
enriches the synthesis of bimetallic solid materials in a defined pattern.
A common and typical combination is 3-connected nodes with 3-connected nodes.
According to the search in the Reticular Crystal Structure (RCSR) Database, [46]
this combination give 38 entries, from which three examples are listed in Fig. 10.
Among them, hcb and fes have been encountered in many publications from our
group. [17,24] On the other hand, this fact also demonstrates the step-wise approach
for bimetallic system is tunable and predictable.
Figure 10: Selection of the search result the 2-D networks based on the combination of a
3-connected nodes with a 3-connected nodes; left: fes, middle: hcb, right: hna. [46]
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2.4 Phase Transition in Solid State
A phase transition in the solid state is related to structural change, specifically, a
change of crystallographic data for crystalline solids. The change includes space
group, lattice parameters, occupied positions and atomic coordinates. The usual
cause for a phase transition can be triggered by temperature, pressure, electric field,
magnetic field and mechanical forces. With increasing popularity of low temperature
single crystal X-ray diffraction, temperature induced phase transitions become more
and more relevant in the daily measurement.
Depending on the change of Gibbs free energy in the phase transition, there are
two types of phase transitions: discontinuous and continuous phase transitions,
which are also known as first and second order phase transitions (Fig. 11). A
phenomenological theory was firstly introduced by L. D. Landau and then expanded
by E. M. Lifschitz and V. L. Ginzburg to understand phase transitions. [47–52] A
first order phase transition always shows latent heat, hysteresis and the occurrence
of metastable phases, whereas, a second order phase transition has no such features.
Figure 11: Temperature dependence of the Gibbs free energies G1 and G2 and of their
derivatives for two phases. [53]
From structural change of view, a phase transition can be categorized as distortive
[54] and reconstructive. [55]
In a distortive phase transition, atomic composition and chemical bonds are pre-
13
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served. However, it allows the slight alternation in the bond length as well as the
orientation by small displacements of 0.01-0.1 A˚. [56] This type of phase transi-
tion is fully reversible and shows no hysteresis. Another fundamental feature is the
group-subgroup symmetry relation between phases involved. [54–56]
In a second order phase transition, cooling of a high temperature form results in a
phase of lower symmetry. In a second order phase transition, the new phase either
adopts a translationengleiche (t) or klassengleiche (k) subgroup of the original space
group. If the phase transition starts from a single crystal, a t phase transition will
give a twin, with the twin domains related by the symmetry element missing in the
subgroup. Twins of this kind are often easy to detect by diffraction experiments. In
contrast, a k phase transition produces antiphase domains; their diffraction pattern
can in general not be distinguished from that of a single crystal. Phase transitions
of the k type are not readily detected by diffraction, but obviously, the transition
may show up in thermal analysis albeit the enthalpy associated with a second order
phase transition may be small. In the field of molecular crystals, we are aware of
earlier work by Guzei et al. [57,58] and of a temperature-dependent study concerning
tris(acetylacetonato) complexes of aluminum [59] and chromium. [60] A detailed
overview about the symmetry relationship between the solids before and after a
phase transition was written in a monography by Mu¨ller. [53]
The second, reconstructive phase transition is completely different. It is accompa-
nied with breaking some of the chemical bonds and an extremely large displacement
of atoms. This type of phase transition is always first order. Thus, group-subgroup
symmetry relation between involved phases is not necessary. [55]
Since a reconstructive phase transition leads to full atomic rearrangement, recrys-
tallization, and repacking of elementary building blocks, followed by a variation of
the elementary nanocrystalline symmetry, it usually leads to the destruction of the
initial single crystal. This makes the structural determination of the new phase
difficult. A book by P. Tole´dano and V. Dmitriev discusses the reconstructive phase
transitions in crystals and quasicrystals in detail. [55]
14
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3 Outline of this Thesis
Synthesis, characterization and topological analysis of N coordinated, O coordi-
nated and O,N’ bimetallic complexes based on two N donor functionalized acety-
lacetonates: 3-cyano-2,4-pentanedione (HacacCN) and 3-(3,5-dimethyl-pyrazol-4-
yl)pentane-2,4-dione (H2acacPz) are investigated in this thesis. For a simple nomen-
clature, classification and identification, capital letters A and B indicate HacacCN
and H2acacPz, respectively. The results and discussion section is divided into three
parts.
Part 1: Results for the 3-cyano-2,4-pentanedione (HacacCN), A
Scheme 4: Schematic representation of the results for HacacCN.
• Two SBUs are used in this part: Pd(acacCN)2 and Mg(acacCN)2(H2O)2; the
former is rather inert with a preference to square planar coordination, and the
latter is labile, in which the synthesis and characterization of the Mg complex
are described.
• Given the linear disposition of the peripheral N donor sites in Pd(acacCN)2
and the general preference of Ag(I) centers for linear coordination, the forma-
15
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tion of chain polymers, whereas a 3D network is also formed via extending of
counteranion.
• The labile Mg complex rearranges its coordination sphere to a mono-anionic
Mg(acacCN)3 upon crosslinking with Ag(I) cations, thus leading to overall neu-
tral extended structures. As no counteranions outside the network are present,
the solvent employed determines the topology of the resulting bimetallic net-
works. Solvent effect analysis and solvents competition experiments are carried
out for this Mg/Ag bimetallic system.
Part 2: Results for 3-(3,5-dimethyl-pyrazol-4-yl)pentane-2,4-dione (H2acacPz), B
Scheme 5: Schematic representation of the results for H2acacPz.
• Crystal chemistry of H2acacPz is studied based on synchrotron data.
• The coordination behaviour of pyrazole is well known in the literature. But
the coordination behaviour of the pyrazolyl in H2acacPz is still unreported.
Survey of the coordination modes of H2acacPz begins with using the ligand as
an N donor without deprotonation.
• Via selective deprotonation, the coordination modes are expand to N,N’ bridg-
ing and O coordination, in which the O coordinated complexes can be used as
building block to cross-link the dangling N with a second cation.
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• As a labile complex, the Mg building block shows different extents of trans-
metallation towards Cd(II) and Cu(II). In the former case, a Mg/Cd bimetallic
network formed with substitutional disorder, whereas, in the latter case, the
Mg building block acts as a precursor to build a Cu-MOF with high solvent
content.
• For the construction of more O,N coordinated complexes, enforced deprotona-
tion of H2acacPz is used and results in a molecular complex for Cu(II) and a
2D network for Hg(II).
Part 3: Phase transition
• The molecular complex Mg(acacCN)2(H2O)2 goes through a drastic phase
transition under liquid nitrogen. Since this phase transition leads to the
breakup of the original single crystal, temperature-dependent powder diffrac-
tion is used as key tool to monitor this phase transition, which is observed
between 110 - 130 K. Hysteresis and a higher symmetry of the low tempera-
ture phase suggest a reconstructive phase transition.
• The chain polymers [Pd(acacCN)2Ag]X (X = BF4, ClO4) are isomorphous and
undergo structural phase transitions at 230 K (BF4) and 198 K (ClO4) which
can be monitored in single crystal diffraction. The high temperature form in
space group C2/c undergoes a fully reversible k2 transition by de-centering of
the conventional unit cell to the low temperature phase in subgroup P21/c.
A compound with statistical disorder for the counter anion may be synthe-
sized and analyzed by diffraction and 19F NMR; it features a phase transition
temperature of ca. 216 K, intermediate to those of the parent compounds.
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Results and Discussions
1 Results for the 3-Cyano-2,4-Pentanedione (Ha-
cacCN), A
1.1 Building Units Pd(acacCN)2 and Mg(acacCN)2(H2O)2,
A-1
After deprotonation, the acetylacetonate moiety of 3-cyanoacetylacetone (HacacCN)
can act as a chelating ligand towards different metal cations. Two linear building
blocks are synthesized from the assembly of divalent metal cation Pd and Mg with
HacacCN. Prior to this work, the synthesis of Pd(acacCN)2 has been described
detailly in the doctoral dissertation from C. Merkens. [61]
Figure 12: Illustration of the two linear building units used in this section: Pd(acacCN)2
(left) and Mg(acacCN)2(H2O)2, A-1 (right).
The Mg building block was obtained by reaction of the ligand HacacCN with mag-
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nesium methoxide. The product is strongly hygroscopic; when recrystallized from
methanol, it takes up two molecules of water per cation. Our attempt to struc-
turally characterize the resulting solid A-1 at 100 K failed; cooling leads to a phase
transition accompanied by fragmentation of the single crystal. The diffraction ex-
periment on A-1 was therefore conducted at room temperature; under these condi-
tions the compound crystallizes in the monoclinic space group C2/c with the central
magnesium cation located on a crystallographic two-fold axis. It adopts a slightly
elongated octahedral geometry, with four coplanar oxygen atoms from two O,O’
chelating acacCN ligands in the equatorial and two water oxygen atoms in the api-
cal positions (Fig. 13 left). Hydrogen bonds between the aqua ligands and nitrile
groups link the neutral building units into 2D layers parallel to the ac plane (Fig.
13 right).
Figure 13: Left: Mg(II) complex and the O-H· · ·N interactions (dashed blue lines,
dO−H···N = 2.957 A˚) in the crystal structure of A-1 ; ellipsoids are drawn at 50% proba-
bility, only the H atoms at O3 are shown. Symmetry operation: A = 1-x, y, 1.5-z. Right:
Packing in the crystal structure of A-1. H-bonded layers are stacked in [0 1 0] direction.
Since there is no d-orbital electron, Mg(II) prefer higher coordination number and
compensate for the coordination unsaturation, Mg(II) shows a higher coordination
number than Pd(II). The intra-ligand O-M-O bite angle in the Mg building block is
ca. 85◦, which is smaller than that of the Pd building block. As representations for
rather inert and labile building blocks, their crosslinking behaviour towards Ag(I)
are investigated and discussed respectively in the next two sections.
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1.2 Bimetallic Coordination Polymers Based on
Pd(acacCN)2 and Ag(I)
Scheme 6: Synthesis and composition of the bimetallic polymeric solids A-2a, A-2b and
A-3.
The building block Pd(acacCN)2 features two uncoordinated nitrile groups with
linear N≡C· · ·Pd· · ·C≡N arrangement. By addition of silver salts, these weak donor
sites may be crosslinked via Ag(I) cations to infinite chains. In contrast to the
individual constituents, the resulting bimetallic derivatives A-2a, A-2b and A-3
are much less soluble in common solvents and directly precipitate from solutions of
the required stoichiometry. N coordination of a silver ion results in a significant shift
in the IR resonance associated with the C≡N triple bond to higher wavenumbers. [25]
Table 1: Comparison of intra and inter-chain parameters in A-2a and A-2b.
comp. chain dPd···Pd ∠Ag···Pd···Ag dPd···Pd
direction (intra) (inter)
A-2a [1 0 -1] 15.8275(14) 179.13(2) 4.5849(6)
A-2b [1 0 -1] 15.8403(3) 179.40(2) 4.6068(8)
bond length in A˚ and bond angle in ◦.
In the chain polymers A-2, Pd building blocks and Ag(I) cations are arranged in
an alternating sequence, thus forming one-dimensional cationic scaffolds with the
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counterions included in voids of the crystal structures, in direct neighborhood of the
Ag(I). A comparison of intra and inter-chain parameters is provided in Table 1.
Compounds A-2a and A-2b are methanol solvates and isomorphous. As an ex-
ample, a section of the polymer chain in the crystal structure of A-2a is shown in
Fig. 14. Fig. 14 also shows the Ag(I) environment in the solids A-2a and A-2b:
each cation adopts a 2 + 1 + 1 coordination. In addition to its almost linear co-
ordination by two nitrile N atoms in direction of the polymer chain, a significantly
longer interaction with a methanol oxygen exists perpendicular to the strand. On
the opposite side of the polymer, the counter anion resides; its closest contact to
the Ag(I) cation is still within the commonly accepted van der Waals radii. The 4
atoms interacting with the silver cation are almost coplanar. Table 2 summarizes
the details concerning Ag(I) coordination.
Figure 14: Section of a polymer chain and 2 + 1 + 1 coordination of the Ag(I) cation in
A-2a; the situation in A-2b is similar. Symmetry operator i = x+1, y, 1-z.
Table 2: Details concerning Ag(I) coordination in A-2a and A-2b.
comp. Ag-N ∠N−Ag−N dAg···O dAg···X
(MeOH) (anion)
A-2a 2.135(4), 2.135(4) 175.74(13) 2.573(3) 2.716(3) (X = F)
A-2b 2.134(2), 2.138(2) 178.70(10) 2.598(2) 2.762(2) (X = O)
bond length in A˚ and bond angle in ◦.
Classical hydrogen bonds in A-2a and A-2b only occur along the chains. The
individual polymer strands in A-2a and A-2b only weakly interact without specific
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short interchain contacts. Fig. 15 shows the packing in A-2a along the chain
direction: stacking of cationic polymers precludes highly efficient space filling.
Figure 15: Projection of A-2a in the direction of the polymer chains, along [1 0 -1];
cationic chains are shown in black, BF4
− counter anions in red.
A-2a and A-2b are moderately stable. Larger single crystals may easily be recov-
ered from the mother liquor and handled in air for minutes. Grinding of the samples
for powder diffraction results in crystalline solids; their powder patterns, however,
do not match the simulation based on the single crystal structures. The isomorphous
crystals of A-2a and A-2b undergo reversible phase transitions at temperatures be-
tween 190 and 250 K. Due to desolvation, the phase transition cannot be followed
by temperature-dependent powder diffraction. The high temperature form of A-2a
and A-2b, the relationship between high- and low-temperature structures in real
and reciprocal space and an interesting property, namely the effect of chemical sub-
stitution on the phase transition temperature, are discussed in the section of phase
transition (page 72).
In contrast to the chain polymers discussed above, compound A-3 represents a 3D
network: neutral layers of the composition [AgNO3]n extend in the crystallographic
ac plane, and Pd(acacCN)2 building blocks oriented along the b axis connect these
layers in the third dimension as shown in Fig. 16.
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Figure 16: 3D network in the crystal structure of A-3.
Figure 17: Coordination of an Ag(I) cation (left) and an anion (right) in the crystal
structure of A-3; i = 3-x, -y, 1-z ; ii = x, 0.5-y, z -0.5; iii = x -1, 0.5-y, z -0.5.
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The silver coordination in A-3 differs significantly from that in the chain polymers:
each Ag cation is coordinated by only one acacCN nitrogen atom and by four oxygen
atoms of three different nitrate groups. In agreement with the layer stoichiometry,
each nitrate coordinates three different cations, one of them in a chelating fashion.
The coordination around a cation and that of a nitrate anion are shown in Fig. 17.
The coordination polyhedron around silver may be described as a distorted square
pyramid, with N1 at the apex and the oxygen atoms in the basal plane. The distor-
tion is reflected in the fact that the Addison τ [62] and the Holmes [63] parameter do
not agree with respect to the idealized polyhedron: The former amounts to 0.03 and
hence almost the ideal value for square-pyramidal coordination whereas the latter
indicates 41% of square-pyramidal character on the Berry pseudo rotation path to-
wards trigonal-bipyramidal coordination. Space filling in A-3 (fraction of occupied
versus total volume [64] 0.747) is more efficient than in the chain polymers A-2a
and A-2b (0.705 - 0.708). A few examples [65–70] involving nitrate anions which
coordinate three Ag cations have been documented in the CSD. [71,72]
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1.3 Bimetallic Coordination Polymers Based on
Mg(acacCN)2(H2O)2 and Ag(I)
Scheme 7: Synthesis and composition of the building block A-1 and the bimetallic poly-
meric solids A-4a to A-7.
The labile building block based on Mg(II) and 3-cyanoacetylacetone (HacacCN)
which rearranges its coordination sphere from neutral to monoanionic Mg(acacCN)3
−
building unit upon crosslinking with Ag(I) cations, thus leads to overall neutral ex-
tended frameworks. As no counter-anions outside the network are present, the sol-
vent employed determines the topology of the resulting bimetallic networks. Scheme
7 summarizes the results in this contribution.
After O coordination of the ditopic ligand, its dangling nitrile moieties may be
crosslinked with Ag(I), leading to the bimetallic derivatives A-4a to A-7. A-4a
to A-5b share the moiety formula Mg(acacCN)3Ag·solvent(s). In A-6, the solvent
methanol is coordinated to the Ag cation. A-7 differs significantly from the other
solids with respect to the coordination environment of Mg(II): its crystal structure
contains ionic tris(ligand) as well as neutral bis(ligand) complexes.
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1.3.1 Mg(acacCN)3Ag solvates
In compounds A-4a to A-6, each Mg(II) is coordinated by three ligands in octa-
hedral geometry, with an intra-ligand O-Mg-O bite angle of ca. 85◦, similar to the
ligand geometry in A-1 (Fig. 18). These solids are obtained by reactant diffu-
sion; by changing the solvent, three different kinds of crystalline material have been
obtained.
Figure 18: The monoanionic magnesium unit in A-4a to A-6.
Diffusion of an Ag(I) salt in methanol into a solution of the Mg building block A-1
in dichloromethane or acetone allowed to isolate single crystal of A-4a or A-4b,
respectively. Since A-4a and A-4b are isomorphous, only A-4a is discussed in
detail. A-4a crystallizes in space group P21/c with Z = 4; all atoms reside in general
position. Apart from the common formula Mg(acacCN)3Ag, the asymmetric unit
contains one molecule of dichloromethane. Each silver cation is coordinated by four
nitrogen atoms of four acacCN ligands in a distorted tetrahedral geometry. A pair of
silver cations, related by an inversion center, is bridged by two nitrogen atoms, thus
forming a binuclear aggregate (Fig. 19 left). A comparison of these Ag2 aggregates
in A-4a and A-4b is provided in Table 3.
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Figure 19: Left: a binuclear Ag2 unit in A-4a; symmetry operators: A = 1+x, 1.5-y,
-0.5+z; B = 1-x, -0.5+y, 0.5-z; C = 2-x, 1-y, 1-z; D = x, y, -1+z; D = x, y, -1-z; E = 2-x,
1-y, -z. Right: six mononionic Mg(acacCN)3 complexes are further linked by the dimeric
Ag2 unit.
Figure 20: Left: perspective view of the 3D framework of A-4a. The tetracoordinated Ag
cations are shown as polyhedra. Right: schematic illustration of the 2-fold interpenetrated
rtl-c topology in A-4a.
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Table 3: Comparison of the silver dimmer units in A-4a and A-4b; bond length in A˚ and
bond angle in ◦.
comp. dAg−N dAg···Ag ∠N−Ag−N
A-4a 2.205(3) - 2.531(3) 3.5346(6) 85.74(10) - 124.44(11)
A-4b 2.204(3) - 2.548(3) 3.5237(6) 86.18(10) - 127.93(11)
Each binuclear silver unit connects six Mg(acacCN)3 anions and expands the struc-
ture to a three-dimensional framework (Fig. 19 right and Fig. 20 left). In the
course of topological analysis of this framework, the Mg(II) complexes may be
perceived as 3-connected and the Ag2 units as 6-connected nodes. In order to
ensure acceptable space filling, two of these frameworks interpenetrate (Fig. 20
right). The framework corresponds to a rtl-c [46] network with vertex symbol
(4.62.62)(4.4.6.6.6.6.6.6.6.6.62.62). [73]
Figure 21: A-5a adopts a two dimensional layer structure with vertex symbol 63.
A-5a and A-5b are crystallographically different but topologically related. The
monoanionic Mg(acacCN)3
− links three Ag(I) via its peripheral nitrile groups; sim-
ilarly, each silver cation is coordinated by three nitrogen atoms corresponding to an
only slightly distorted triangle. In the resulting 2D extended layers, both cations
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can be viewed as topologically equivalent 3-connected nodes. This uninodal net-
work corresponds to a hcb [46] net with the vertex symbol 63 (Fig. 21). [73] Two
of these layers stack closely to a bimetallic double layer arrangement via Ag· · ·Ag
and Ag· · ·N interactions. Contact distances in A-5a and A-5b have been compiled
in Table 4 and Fig. 22 provides a visual comparison.
Figure 22: Coordination environment of Ag(I) and weak inter -layer interactions in A-5a
(left) and A-5b (right). Symmetry operators: left: A = 1-x, 1-y, -z; B = 1-x, 1-y, 1-z; C
= x, y, -1+z; D = -1+x, y, -1+z; E = 2-x, 1-y, 1-z; right: A = 1-x, 2-y, 2-z; B = -x, 1-y,
1-z; C = 1+x, 1+y, 1+z; D = 1-x, 2-y, 1-z; E = x, y, 1+z.
Figure 23: Molecular packing in the crystal structure of A-5a; disordered chloroform are
not included (left). Molecular packing in the crystal structure of A-5b in view direction
[1 1 0] (right).
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The comparison of the inter-layer contacts in Table 4 and Fig. 22 suggests that
mainly Ag· · ·Ag interactions drive the arrangement to double layers in A-5a, whereas
Ag· · ·N interactions are more relevant in A-5b. In both solids, A-5a and A-5b, the
double layers are further arranged in parallel stacks, with solvent molecules filling
the interstitials (Fig. 23).
Table 4: Comparison of the inter-layer parameters in A-5a and A-5b; bond length in A˚
and bond angle in ◦.
comp. dAg···Ag dAg···N ∠Ag···Ag···N ∠Ag···N−Ag
3a 3.1560(9) 3.329(5) 39.76(8) 65.91(13)
3b 3.8700(7) 2.859(5) 35.05(7) 97.93(15)
Compound A-6 was obtained when the crosslinking reaction was performed in
methanol or in a mixture of methanol and larger solvent molecules such as diethyl
ether. The influence of the solvents on the structure of the solid reaction products
will be discussed in the section of solvent effect.
Figure 24: Coordination polyhedron around a Ag(I) in A-6; the long Ag-O bond is drawn
in dash line.
In contrast to the aforementioned bimetallic networks, A-6 does not contain any
free solvent molecules. The methanol molecule in A-6 is part of the coordination
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Figure 25: Two dimensional fes layer in A-6; for this interpretation of the connectivity,
the long Ag· · ·O contact has been neglected (left).
sphere of the silver cation: Ag(I) is tetracoordinated by three nitrogen atoms from
nitrile groups and one oxygen from methanol. In addition, a significantly longer and
presumably weak Ag· · ·O contact of 2.763(2) A˚ to an acetylacetonate oxygen atom
occurs. In order to put this distance into a broader context, we performed a search
in the CSD. [33, 74] Our search resulted in 1256 structures with five-coordinated
Ag including a Ag-O bond; the latter covers a wide range of distances with a mean
Ag-O distance of 2.467 A˚. We suggest taking such rather long distances into account
for the following reasons:
i: The 2.76 A˚ distance encountered in A-6 is longer than average but not rare:
among the 1256 hits above, more than 100 show Ag-O distances longer than 2.7 A˚.
Ag-O surely corresponds to a heteropolar bond in which electrostatic forces dominate
rather than orbital overlap. Such interactions are energetically favourable even at
longer distances.
ii: The sum of the angles ∠N3−Ag1−O7, ∠O7−Ag1−N1 and ∠N1−Ag1−N3 (93.67(9)◦,
142.56(8)◦ and 123.08(10)◦) amounts to 359◦; Ag1, N3, O7 and N1 are therefore
almost coplanar. Since the distance between Ag1 and N2 is also longer than the
other Ag-N bonds, the coordination sphere about the five-coordinated silver cation
can be understood as an elongated trigonal bipyramid with N3, O7, N1 in the
equatorial plane and N2, O3 in apical positions.
This long Ag-O interaction plays a key role for the topology of A-6. When only the
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four shorter coordinative bonds to Ag(I) are taken into account, A-6 corresponds to
a 2D structure, namely a highly distorted fes [46] network (Fig. 25). In this case, Mg
and Ag center can be reduced to equivalent 3 connected nodes. These 2D layers can,
however, be further linked into the third dimension via the longer Ag-O interaction
discussed above. In this latter case, both Mg and Ag cations can be perceived as
4-connected nodes. The resulting binodal (4,4) net corresponds to a pts [46] net
with the vertex symbol (4.4.82.82.88.88)(4.4.87.87.87.87) (Fig. 26). [73,75]
Figure 26: 3D pts network in A-6 when the long Ag· · ·O contact is taken into consider-
ation; color code: pink node, Mg(II) center; purple node, Ag(I).
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1.3.2 Solid with Additional Mg(acacCN)2 Linkers
As discussed in last section, the labile Mg building block A-1 preferably re-arranges
and acts as a monoanionic tris-ligand complex when cross-linked with Ag(I). A-7
could be regarded as a model for an intermediate state: in this solid, neutral
Mg(acacCN)2 and monoanionic Mg(acacCN)3 building blocks coexist. This un-
expected product was obtained from the bis-ligand complex A-1 and Ag(I) cations
in 3:2 stoichiometry; the synthesis was conducted as reactant diffusion experiment
in methanol and dimethylformamide as solvents.
Figure 27: Coordination of Mg(II) cation and Ag(I) in the crystal structure of A-7;
ellipsoid are drawn at 50% probability level, only the H atoms at O9 are shown. Symmetry
operation: A = 1.5-x, 1-y, 0.5+z; B = 2-x, 0.5+y, 1.5-z; C = 1-x, 2-y, 1-z.
A-7 crystallizes in the orthorhombic space group Pbca. Fig. 27 shows a displace-
ment ellipsoid plot of an expanded asymmetric unit: Mg2 is located in a crystal-
lographic center of inversion; similar to the situation in the mononuclear building
block, the central cation is coordinated by two acacCN ligands in the equatorial
plane and two methanol molecules in the apical positions of a slightly elongated
tetragonal bipyramid. The other constituents reside in general position: the Ag(I)
cation binds to four nitrogen atoms of nitrile moieties, and Mg1 acts as center of
an anionic tris(ligand) complex in slightly distorted octahedral geometry. An ad-
ditional methanol and disordered DMF molecule remain uncoordinated. In order
to understand the topology of A-7, the tris(ligand) centers associated with Mg1
are treated as 3-connected and the Ag(I) cations as 4-connected nodes whereas
the bis(ligand) center Mg2 and the ditopic ligands are considered linkers. The
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Figure 28: Schematic illustrating of the smallest topological circuits in A-7. Color code:
pink node, Mg(II) center; purple node, Ag(I).
resulting binodal (3,4) net is shown in Fig. 28 and can be assigned the vertex sym-
bol (109.1011.1013)(103.107.107.107.108.1010). [73,75] Based on the calculation results
from GTECS 3D [75], the cumulative sum of the first 10 shells of topological neigh-
bors for Mg(II) and Ag(I) amounts to 2179 (1, 3, 9, 21, 54, 108, 181, 273, 390, 502,
637) and 2259 (1, 4, 9, 24, 60, 114, 195, 292, 386, 519, 655), respectively. This net-
work has not been included in the RCSR database, [46] thus no abbreviated name
can be assigned.
Figure 29: One 10-member ring is catenated by two other rings of the same size in A-7;
Ag atoms are labeled in the blue one.
As we can see from Fig. 28, the smallest topological circuits are penetrated by rods
from the same network, which suggests self-catenation of A-7. This also causes
the high topological density of this network, average td10 = 2219; according to the
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RCSR database, [46] this is the highest topological density among the 10-ring based
nets. The self-penetration of A-7 derives from the requirement of close packing.
Since the neutral building units greatly prolong the spacer length of this network,
from 8 A˚ to 15 A˚ approximately, all the 10-cycles, involving this long spacer and a
large angle ∠Ag···Ag···Mg of ca. 160 ◦, are penetrated by other two similar rings (Fig.
29). In contrast to interpenetrated networks, self-penetrated solids are less common.
Especially for binodal networks, only a few examples have been reported. [76–81]
1.3.3 Solvent Effect
Table 5: Properties of solvents used in the reactant diffusion experiments.
name volume dipole moment
methanol 51.761 [82] 1.70
methylene chloride 82.055 [83] 1.86
acetone 96.365 [84] 2.85
chloroform 102.105 [85] 1.15
benzene 117.472 [86] 0
diethyl ether 129.260 [87] 1.15
N,N-dimethylformamide 102.141 [88] 3.86
All bimetallic coordination polymers reported in this study are synthesized by re-
actant diffusion. Among the resulting solids, A-4a to A-6 are obtained from the
same reaction stoichiometry and show the same composition with respect to the con-
stituents of the frameworks. Obviously, the solvents involved play a decisive role.
Dissolution of the magnesium building block A-1 and AgBF4 required addition of
methanol to each reactant diffusion experiment. The composition of A-4a to A-6
(Scheme 7) suggests that methylene chloride, acetone and chloroform are preferred
cocrystallization partners rather than the ubiquitous solvent methanol. Two impor-
tant solvent properties, molecular volume and dipole moment, are listed in Table 5;
these trends allow to discuss possible reasons for the observed preferences. An in-
creasing volume of the less-polar cosolvent leads to the change in the dimensionality
of the products, from the three-dimensional structure A-4 to the two-dimensional
structures A-5a and A-5b. Table 6 compiles the solvent accessible volume and
space filling characteristics for the bimetallic solids characterized in the context of
this work. Among the compounds sharing the same framework stoichiometry, A-5a
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and A-5b show the largest solvent accessible volume and the most pronounced dif-
ference between framework and overall packing indices. Solvents larger than benzene
are not incorporated at all: synthesis of A-6 via reactant diffusion leads to a product
in which the larger solvent partner, diethylether, does not show up.
Table 6: Solvent accessible region [%] and space filling properties [packing indices in %]
for the framework and the solvates (PLATON [64]); acalculation based on the framework;
bcalculation based on the framework plus the cocrystallized solvent molecules.
comp. solvent areaa framework total
packing indexa packing indexb
A-4a 17.0 58.9 68.2
A-4b 18.0 58.0 68.1
A-5a 52.3 37.5 67.4
A-5b 39.4 46.6 66.9
A-6 12.3 64.0 69.9
A-7 29.6 51.8 67.0
Polarity is the second important aspect: moderately polar solvents such as acetone
and dichloromethane obviously represent acceptable cocrystallization partners. In
contrast, very polar solvents are not compatible with the framework stoichiometry
of A-4a to A-6: dimethylformamide as solvent leads to the formation of A-7, and
with acetonitrile, no coordination polymers could be isolated at all. In order to
better understand the preferred clathration of certain solvents, we performed two
direct competition experiments; experimental details are presented in the experi-
mental part. In the first test, the reactant diffusion between A-1 and AgBF4 was
performed in a mixture of all potential cocrystallization partners, i.e. methylene
chloride, acetone, chloroform, benzene and methanol. The crystalline solid thus ob-
tained showed a unit cell very similar to that of the isomorphous compounds A-4a
and A-4b, in agreement with our observation that methylene chloride and acetone
are preferentially cocrystallized. For the solid formed in this first experiment, no sol-
vent model with atomic resolution could be obtained, most likely due to the presence
of small amounts of additional disordered solvent species - whether dichloromethane
as in A-4a or acetone as in A-4b was the preferred solvent remained unknown.
Fig. 30 depicts potential interactions between these two preferred solvent molecules
and the framework. In A-4a, dichloromethane fits the shape of the void very
well: its chlorine atoms only weakly interact with the framework via Cl1· · ·Ag1
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Figure 30: Illustration of the potential interactions of solvents and framework in A-4a
(left) and A-4b (right); symmetry operators: A = 1-x, 1-y, 1-z; B = x, 1.5-y, 0.5+z.
and Cl2· · ·O6. In the case of A-4b, methanol is engaged in a single O7· · ·Ag1 in-
teraction with a presumably unfavourable angle ∠Ag1···O7−C20 of 122.5(3)◦. Based on
these isolated solvent-framework contacts, the less polar dichloromethane seems to
be the more attractive cocrystallization partner than methanol. This idea is corrob-
orated by the outcome of our second competition experiment involving only acetone
and dichloromethane. The diffraction data collected on the resulting crystalline solid
A-4c confirmed that the solvent region contains both solvents. A disorder model
with atomic resolution allowed site occupancy refinement and converged for a ratio
of 79.8(3)% dichloromethane and 20.2(3)% acetone.
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2 Results for 3-(3,5-dimethyl-pyrazol-4-yl)pentane-
2,4-dione (H2acacPz), B
2.1 Crystal Chemistry of H2acacPz, B
3-(3,5-dimethyl-pyrazol-4-yl)pentane-2,4-dione was first synthesized in 1957. [21–
23] Despite this ligand was used for the construction of a beryllium complex, [32],
its crystal structure has not yet been reported. Due to the fact that crystals of
this ligand are small and weakly diffracting, it cannot be characterized by our in
house single crystal X-ray diffractometer. Therefore, synchrotron X-ray resource
was applied to study the tiny crystal of H2acacPz (B).
B features a unit cell with a = c = 14.823(2) A˚, b = 8.4950(17) A˚, α = γ = 90◦, β
= 120◦ (Fig. 31 right). Apart from this apparently hexagonal unit cell, the crystal
also gives a diffraction pattern with an apparent hexagonal symmetry. However, no
structure solution can be found based on this symmetry.
After a close look at the diffraction pattern, overlapped reflections can be noticed
(Fig. 31 left). Based on a primitive setting, the mean value for |E2-1| is 0.645,
which is much lower than the expected value of 0.736 for noncentrosymmetric case.
Those warning signs suggest crystal structure of B might be twinned by (pseudo)
merohedry. In order to verify this hypothesis, a comparison the Rint values from
different Laue groups are listed in Table 7.
Figure 31: Small needle-shaped crystal and its overlapped reflections by synchrotron re-
source (left); the apparent hexagonal unit cell of B. Ellipsoids are drawn at 50 % proba-
bility, H atoms at C are omitted for clarity (right).
As we can see, Rint value for higher symmetry Laue group is only slightly higher
than that of lower symmetry. This confirmed the (pseudo) merohedral twinning
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Table 7: Comparison of the Rint values for different Laue groups of B
Laue class Rint
6/mmm 0.0477
2/m 0.0459
1¯ 0.0577
of B. This type of twinning occurs when the compound crystallizes in a unit cell
with a higher point group than that corresponding to the space group. Because of
twinning, structure of B can be solved as triclinic or mononclinic only with great
difficulty. A three components strategy can be used to refine this structure.
A monoclinic crystal where a ' c and β ' 120◦, which happens to be this case, may
be twinned by a threefold axis about b. The clockwise or anticlockwise threefold
rotations (3+ or 3−) about b are: 0 0 10 1 0
−1 0 −1
 or
−1 0 −10 1 0
1 0 0
 ,
which generate a three-components pseudo-merohedral twinning appearing from the
diffraction symmetry to be hexagonal. This refinement converged results at domain
fractions of 0.31, 0.31 and 0.32.
In this structure model, B crystallizes in the monoclinic space group P21 with three
H2acacPz and one water molecule in its asymmetric unit (Fig. 31 right). However,
this structure model is still not a satisfactory one. Although the simulated powder
pattern from this structure model could match that from experiment, several carbon
atoms at methyl groups as well as the oxygen at water molecule show irregular
anisotropic displacement parameters in this structure model. These warning signs
could relate to more complicated twin operator or an additional disorder model.
This part of work will be done after we get the original data from Dr. Richard
Goddard at the synchrotron resource.
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2.2 N Coordinated Complexes
Scheme 8: Schematic representation of the performed reactions and naming convention of
N coordinated complexes based on H2acacPz.
We start our survey of the coordination modes of H2acacPz by using the ligand as an
N donor without deprotonation (Scheme 8). With ZnCl2, the neutral mononuclear
complex [ZnCl2(H2acacPz)2], B-1 is obtained. The metal cation Zn(II) is located
on a twofold crystallographic axis and adopts an almost undistorted tetrahedral
coordination. This reaction product is depicted in Fig. 32. The N coordinated
H2acacPz molecules subtend an interligand angle of 106.42(9)
◦ and unambiguously
correspond to the enol tautomer, with significantly different C-C and C-O bond
distances in acetylacetone moiety as shown in Fig. 33.
This enol geometry derived from the diffraction experiment matches the IR spectrum
of B, and we anticipate that the same pattern is encountered in the spectra of
B-2 and that of the uncoordinated ligand H2acacPz itself: no IR absorptions in
the region of 1720 cm−1 were observed; they would be expected for a diketone,
e.g. for unsubstituted acetylacetone (Fig 36). [89] B-1 shows a Raman band at
290 cm−1 (Fig. 65 left); a resonance in the same range had been assigned to the
Zn-N vibration in the tetrahedral complex [ZnCl2(Pyridine)2]. [89] Intermolecular
N-H· · ·Cl contacts in B-1 are rather long and bifurcated (Fig. 32).
Reaction of silver nitrate with the neutral ligand H2acacPz leads to a monocationic
[Ag(H2acacPz)2]
+ complex with nitrate as counter anion. This salt B-2 crystal-
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Figure 32: Coordination environment of Zn(II) and the bifurcate N-H· · ·Cl contacts in B-
1. Ellipsoids are drawn at 50 % probability, only the H atoms at N2 are shown. Symmetry
operations: A = 1-x, y, 1.5-z; B = 1-x, 2-y, 1-z.
Table 8: Details concerning bifurcate N-H· · ·Cl contacts in B-1.
Acceptor dH···Cl[A˚] dN2−H···Cl[A˚] ∠N2−H···Cl[◦]
Cl1 2.79(3) 3.363(2) 124(2)
Cl1B 2.54(2) 3.244(3) 138(2)
Symmetry operator: ref Fig. 32.
lizes as a monohydrate in space group P1¯. Cations and anions occupy alternating
crystallographic centers of inversion along the b axis with shortest Ag· · ·O (nitrate)
distances of 2.894(8) A˚ (Fig. 34). The 1¯ site symmetry imposes linear coordination
for the metal center in the [Ag(H2acacPz)2]
+ moiety and implies orientational disor-
der for the nitrate anion and a closely associated water molecule. In B-2, hydrogen
bonds link the ionic residues and the cocrystallized water molecule; details have been
compiled in the experimental part (page 99). The Ag-N vibration in the cation is
associated with a band at 240 cm−1 in the Raman spectrum (Fig. 65 right). [90]
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Figure 33: Enol geometry for H2acacPz observed in the diffraction experiment on B-1. A
very similar pattern of comparable accuracy was encountered in crystals of B-2.
Figure 34: Arrangement of [Ag(H2acacPz)2]
+ cations and nitrate anions along the b axis in
B-2. Dashed lines indicate Ag· · ·O contacts of ca. 2.8 A˚, hydrogen atoms and orientational
disorder in the nitrate have been omitted.
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2.3 N,N Bridging Complexes
Scheme 9: Schematic representation of the performed reactions and naming convention of
N,N’ coordinated complexes based on H2acacPz.
In contrast to the alternative ditopic ligands HacacCN and H2acacPy, H2acacPz may
be deprotonated either at the N or the O donor site (Scheme 9). In the presence of
(soft) silver cations, benzoate is sufficiently basic to deprotonate the pyrazolyl moiety
and the deprotonated anionic ligand HacacPz− N,N’ bridges two Ag(I) cations; this
coordination mode is observed in the closely related compounds B-3a, B-3b and
B-3c.
In the solids, B-3a, B-3b and B-3c, solvent molecules fill the voids between the large
[Ag6(HacacPz)6] aggregates. B-3a contains two molecules of ethanol per unit cell
or hexanuclear aggregate. In B-3b, eight molecules of ethanol per unit cell occupy
two voids. A more complex situation was encountered in the case of B-3c: The
compound contains a well-localized CH2Cl2 with half-occupied atom sites in general
position, i. e. one CH2Cl2 per unit cell and three strongly disordered molecules of
2-butanol in two voids per unit cell.
All three solids feature similar discrete [Ag6(HacacPz)6] molecules with crystallo-
graphic 1¯ symmetry: B-3a contains one and the isomorphous compounds B-3b
and B-3c two such independent residues. Therefore, five symmetrically indepen-
dent hexanuclear [Ag6(HacacPz)6] aggregates have been characterized in total and
are compared in the Table 9. In Fig. 35, we restrict our comparison to the Ag6N12
cores in B-3a and B-3b. In all independent [Ag6(HacacPz)6] molecules, pairs of
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Ag3 triangles form; their Ag· · ·Ag edges (dashed lines) range between 3.3 and 3.5
A˚, and are bridged by monoanionic HacacPz− ligands.
Figure 35: Ag6(HacacPz)6 cores in compound B-3a (left) and B-3b (middle and right).
Symmetry operations: A = 1-x, 1-y, 1-z; B = 1-x, 2-y, -z; C = 1-x, 1-y, 1-z.
Table 9: Ag· · ·Ag distances of Ag6(HacacPz)6 aggregates in compounds B-3a, B-3b and
B-3c.
Bond Type B-3a B-3b B-3c
Ligand-Supported
Interactions (A˚)
Ag1· · ·Ag2 = 3.3291(12) Ag1· · ·Ag2 = 3.4363(16) Ag1· · ·Ag2 = 3.4203(8)
Ag2· · ·Ag3 = 3.4773(11) Ag2· · ·Ag3 = 3.4190(16) Ag2· · ·Ag3 = 3.4327(9)
Ag3· · ·Ag1 = 3.3794(10) Ag3· · ·Ag1 = 3.4329(16) Ag3· · ·Ag1 = 3.4323(9)
Ag4· · ·Ag5 = 3.3766(16) Ag4· · ·Ag5 = 3.3709(8)
Ag5· · ·Ag6 = 3.4748(16) Ag5· · ·Ag6 = 3.4998(8)
Ag6· · ·Ag4 = 3.4352(16) Ag6· · ·Ag4 = 3.4034(9)
Direct
Interactions (A˚)
Ag2-Ag3A = 2.9049(11) Ag2-Ag3B = 2.9694(14) Ag2-Ag3D = 3.0068(10)
Ag5-Ag6C = 2.9118(14) Ag5-Ag6E = 2.9061(8)
Transannular
Distances (A˚)
Ag1· · ·Ag1A = 7.0936(18) Ag1· · ·Ag1B = 7.064(3) Ag1· · ·Ag1D = 7.1419(11)
Ag2· · ·Ag2A = 4.7592(14) Ag2· · ·Ag2B = 4.2939(19) Ag2· · ·Ag2D = 3.9929(10)
Ag3· · ·Ag3A = 4.2909(13) Ag3· · ·Ag3B = 4.751(2) Ag3· · ·Ag3D = 5.0700(10)
Ag4· · ·Ag4C = 6.606(3) Ag4· · ·Ag4E = 6.7453(11)
Ag5· · ·Ag5C = 4.603(2) Ag5· · ·Ag5E = 4.6368(9)
Ag6· · ·Ag6C = 4.463(2) Ag6· · ·Ag6E = 4.4596(10)
Symmetry operators: A = 1-x, 1-y, 1-z; B = 1-x, 2-y, -z; C = 1-x, 1-y, 1-z; D = 1-x, 2-y, -z; E = 1-x, 1-y, 1-z.
Aggregation of these triangles to a hexanuclear moiety is achieved via significantly
shorter Ag-Ag contacts of ca. 2.9 A˚. In view of the fact that these interactions occur
directly and without any bridging ligand, even the term “cluster”might apply. Due
to the concomitant presence of ligand supported and ligand unsupported contacts,
we prefer the more general expression “aggregate”. Table 9 compiles the Ag· · ·Ag
distances in the five symmetrically independent aggregates in B-3a, B-3b and B-3c.
Short Ag· · ·Ag contacts are generally referred to as “argentophilic”, [91–99] and this
type of interactions has recently been reviewed. [100] More specifically, pyrazolyl-
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bridged Ag triangles represent a rather well-established oligonuclear aggregate: In
the CSD database, [33,101] coordinates for 43 well-ordered and error-free occurences
of this fragment are available, with an average length for the pyrazolyl-bridged edges
of 3.469 A˚.
The second feature encountered in the case of our hexanuclear aggregates, namely
short ligand-unsupported argentophilic interactions to neighbouring triangles, is less
popular. Fujisawa and coworkers [102] have contributed five analogous structures
and also compiled related examples from the literature. Among these three solids,
B-3a exhibits the shortest Ag-Ag distances between neighbouring [Ag3(pyrazolyl)3]
moieties; slightly longer contacts between 2.9 and 3.0 A˚ have been reported in a few
cases. [103–105]
Figure 36: Infrared spectra of B, B-1, B-2 and B-3 in the wave number range between
2500-1200 cm−1.
A decision concerning keto-enol tautomerism in B-3 is less obvious because the
structure models for these solids have to account for larger asymmetric units, com-
prise clathrated solvent molecules and hence are associated with higher standard
uncertainties. The IR spectra of B-3, however, closely match those of B-1 and B-2
for which the diffraction results are unambiguous. A synopsis of the IR spectra of
H2acacPz, B-1, B-2 and B-3 is provided in the Fig. 36.
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The Ag-Ag vibrations in B-3 are difficult to assign; they will necessarily be observed
at low wave numbers in the Raman spectra and probably not correspond to pure
Ag-Ag stretching. A resonance at 83 cm−1 has been associated with a metal· · ·metal
contact slightly shorter than 3 A˚. [106] Our experimental Raman spectrum of B-3
shows a broad band with a shoulder between 100 and 50 cm−1.
Figure 37: Binuclear Pd(II) complex in the crystal structure of B-4; ellipsoids are drawn
at 50 % probability, only the H atoms at nitrogen and oxygen are shown, solvent molecule
is omitted for clarity. The intramolecular N-H· · ·O contacts are drawn in dashed blue
lines.
Reaction of palladium acetate and the H2acacPz also leads to deprotonation of the
pyrazolyl moiety. Unlike the reaction with silver benzoate, deprotonation of the
pyrazolyl moiety in B-4 is incomplete. B-4 crystallizes in the space group P21/c as
a binuclear species of Pd(II) with the anionic ligand HacacPz− bridging two metal
centers. In addition, each Pd(II) center is coordinated by a nitrogen of neutral
H2acacPz and an oxygen from acetate to complete a square-planar coordination en-
vironment. The angles defined by metal center and two ligands in cis positions are
close to 90◦. As shown in Fig. 37, the Pd2N4 ring adopts a boat-like conformation,
with a dihedral angle of 74◦ (between the two Pd-N-N-Pd fragments) and a rela-
tive long Pd· · ·Pd distance (3.2519(8) A˚). This similar coordination mode has been
described in some palladium compounds with anionic pyrazolic ligands. [107]
Intramolecular hydrogen bonds are formed by NH group of the pyrazolyl ring as
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Table 10: Details concerning intramolecular N-H· · ·O contacts in B-4.
N-H· · · O dH···O(A˚) dN−H···O(A˚) ∠N−H···O(◦)
N1-H· · · O10 1.78 2.678(5) 156
N3-H· · · O12 1.76 2.658(5) 158
Figure 38: Left: Space filling model of the molecular packing in B-4. The benzene
molecules are printed in yellow. Right: H· · ·pi interactions between benzene molecule and
methyl groups in B-4.
donors and the uncoordinated oxygen of acetate as acceptors. Detailed information
of the hydrogen bonds are shown in Table 10. Benzene molecules play an important
role in stabilizing the structure in terms of not only filling the void between those
binuclear species but also forming T-type H· · · pi interactions with methyl groups
(Fig. 38).
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2.4 O,O’ Coordinated Complexes
Scheme 10: Schematic representation of the performed reactions and naming convention
of O,O’ coordinated complexes based on H2acacPz.
In the absence of soft coordination partners, more drastic conditions are required
for deprotonation in the O donor part of H2acacPz. Magnesium methoxide and
aluminum ethoxide proved as suitable reagents, combining the oxophilic nature of
the cation with the required basicity of the anion (Scheme 10).
Crystals of the target product B-5a could be directly isolated from the reaction mix-
ture. The diffraction experiment revealed that B-5a crystallizes in the orthorhombic
space group Pbca with the central Mg cation located on a crystallographic center of
inversion. It is coordinated by six oxygen atoms in a slightly distorted octahedral
geometry. Four oxygen atoms from two O,O’ chelating HacacPz ligands are copla-
nar, and two coordinated apical MeOH molecules complete the coordination sphere
with slightly longer Mg-O bonds (Fig. 39 left). In addition, B-5a contains two
molecules of uncoordinated MeOH per Mg complex. The NH group of the pyrazolyl
ring and the hydroxyl groups of the coordinated and the uncoordinated methanol
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molecules act as donors, the unprotonated pyrazolyl nitrogen atom N1, one of the
Mg-coordinated HacacPz oxygen atoms and the oxygen of the uncoordinated MeOH
as acceptors for classical hydrogen bonds; they subtend a three-dimensional network
(Fig. 39 right and Table 11).
Figure 39: Left: the Mg(II) complex in the crystal structure of B-5a; ellipsoids are drawn
at 50 % probability, only the H atoms at N2 and O3 are shown. Symmetry operation:
A = 1-x, 1-y, 1-z. Right: N-H· · ·O and O-H· · ·O interactions (dashed blue lines) in the
crystal structure of B-5a.
Table 11: Donor· · · acceptor distances of the classical hydrogen bonds in B-5a.
Bond Type N2-H· · ·O1 O3-H· · ·O4 O4-H· · ·N1
Bond Distance (A˚) 2.852(3) 2.689(3) 2.715(3)
Isolated B-5a may go through an aging process and result in a lean methanol solid
B-5b. Continuation of the aging process may lead to the generation of a polymeric
product, which is not soluble in methanol any more. No single crystal of the poly-
meric product could be obtained. However, its powder pattern differs distinctly with
unpolymeric compounds B-5a and B-5b (Fig. 40).
B-5b crystallizes in the triclinic space group P1¯ with three Mg(HacacPz)2 and
six methanol molecules in the unit cell. Its asymmetric unit contains two crystal-
lographic independent Mg(II) atoms; Mg1 locates on a crystallographic center of
inversion and Mg2 sits in the general position. The coordination sphere of the Mg1,
is similar with that in compound B-5a. The coordination sphere around the fully
occupied Mg2 is distorted octahedral. The equatorial plane is occupied by four oxy-
gen atoms from two O,O’ chelating HacacPz ligands, which are not exactly coplanar.
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Figure 40: Experimental powder patterns of dry B-5 and the polymeric product.
The dihedral angle between the two MgO2 planes, which are defined by Mg and two
chelated oxygen atoms is 5.8◦. The apical positions are occupied by two oxygen
atoms from coordinated methanols. In contrast to B-5a, B-5b does not contain
any uncoordinated methanol. However, diverse types of hydrogen bond are formed
in B-5b, in which the NH group of pyrazolyl ring and the hydroxyl groups of the
coordinated methanol molecules act as donors, the unprotonated pyrazolyl N and
one oxygen from chelated HacacPz− as acceptors to subtend a three-dimensional
network (Fig. 41). The related parameters of those hydrogen bonds are concluded
in Table 12.
Recrystallization of B-5 in a mixture of methanol and water results in compound
B-5c. B-5c crystallizes in the orthorhombic space group P21212. Its asymmet-
ric unit contains one complete acacCN ligand in general position, half Mg(II) on
a twofold crystallographic axis and 0.64 water molecule. The irregular number of
water is generated by the disorder of O4 and O5. They occupy alternating in the
asymmetric unit with O4 locate on the twofold crystallographic axis and O5 in a
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Figure 41: Left: Mg(II) complex in the crystal structure of B-5b; ellipsoids are drawn at
50 % probability, only the H atoms at N2 and O3 are shown. Symmetry operation: A =
1-x, 2-y, -z. Right: N-H· · ·O, N-H· · ·O, O-H· · ·O and N-H· · ·O interactions (dashed blue
lines) in the crystal structure of B-5b.
Table 12: Donor· · · acceptor distances of the classical hydrogen bonds in B-5b.
name dD−H···A (A˚) dH···A (A˚) ∠D−H···A(◦)
O7-H· · ·N3 2.668(3) 1.78 170
O9-H· · ·N1 2.683(3) 1.75 166
O8-H· · ·O4 2.725(2) 1.78 173
N4-H· · ·N6 2.883(3) 2.06 155
N2-H· · ·O5 2.969(3) 2.17 151
general position. The disorder model will be discussed in detail in the experimen-
tal part (page 107). Mg(II) is coordinated by six oxygen atoms with a distorted
octahedral geometry completed by two chelated acacCN ligand and two methanol
molecule. The two acacCN ligand locate in cis-configuration: the dihedral angle of
the two MgO2 planes amounts to 86.63
◦.
Classical hydrogen bridges between the disordered water molecules and the nitrogen
atoms of the pyrazolyl group link the individual molecules in 2D layers structure
parallel to the ab plane. Molecular packing and the moderately strong O-H· · ·N
bonds are depicted in Fig. 43.
Structural differences between B-5a, B-5b and B-5c are distinct. B-5a is the pure
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.
Figure 42: The Mg(II) complex in the crystal structure of B-5c; ellipsoids are drawn at
50 % probability, only the H atoms at N2, O3 and O4 are shown. Symmetry operation:
A = 1-x, 1-y, z.
.
Figure 43: Left: molecular packing in the crystal structure of B-5c, only hydrogen atoms
at N1 and water molecules are shown. Right: hydrogen bond between the disordered
water molecules and pyrazol moiety. dO4−H···N1 = 2.645(6) A˚; dO5−H···N1 = 2.993(17)
and 2.845(16) A˚; ∠O4−H···N1 = 179◦; ∠O5−H···N1 = 176 and 175◦.
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Figure 44: Left: Al(III) complex in the crystal structure of B-6; ellipsoids are drawn at
50 % probability, only the H atoms at nitrogen are shown, solvent molecule is omitted
for clarity, disordered part is drawn in dashed lines. Right: Space filling model of the
molecular packing in B-6; view direction: [1 0 1], the solvent molecules are printed in
green.
trans-compound, B-5b is a cis/trans mixture and B-5c is pure cis-compound.
A comparison of B-5 with the only prior structural result obtained for the ligand
HacacPz, its complex with the lighter congener Be, [32] reveals clear differences. The
alkaline earth cation in the latter is only four-coordinated, in agreement with general
trends: a search in the CSD [101] resulted in 109 structures with BeO4 fragments
whereas only one example of hexa-coordinated Be with dubious charge balance has
been reported. In contrast, sixfold coordination for Mg cations is unexceptional.
The oxygen atoms in the BeO4 core investigated by Boldog et al. [32] subtend an
almost undistorted tetrahedron, with Be-O distances of 1.60 A˚, whereas the Mg-O
distances in B-5 range between 2.0 and 2.1 A˚ and the bite angle of the HacacPz−
ligand amounts to 86◦.
Similar deprotonation strategy results in B-6 by using H2acacPz and aluminum
ethoxide. Due to the inertness of Al(III), this reaction requires a longer reaction
time. B-6 is synthesized from a 48 hours reflux of H2acacPz and aluminum ethox-
ide in ethanol. The product is soluble in ethanol and obtained as white powder
after evaporating the solvent. After recrystallization from methanol, colorless block
shaped crystals of B-6 were formed.
B-6 crystallizes in the monoclinic space group P21/c. In the asymmetric unit of
B-6, each Al(III) cation is coordinated by three deprotonated HacacPz− ligand with
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an intra-ligand O-Al-O bite angle of ca. 89◦. The octahedral coordination sphere
around Al(III) is slightly distorted and the AlO2C3 chelate ring are not coplanar as
in B-5. In order to quantify the non-planarity, the dihedral angles between AlO2
and C3 plane are calculated, which amount to ca. 22
◦, 24◦ and 30◦, respectively.
Apart from the Al(HacacPz)3 unit, 0.7 methanol molecule and 0.6 water molecule
are included in the asymmetric unit. The solvent molecules as well as one HacacPz−
ligand are disordered in B-6 (Fig. 44 left). Detailed information about the disorder
model will be discussed in the experimental part (page 107).
Intermolecular interactions, which are shorter than the sum of corresponding vdW
radii, are absent in this structure. This might be the reason why B-6 shows severe
disorder in its crystal structure. The space filling model of the molecular packing is
shown in Fig. 44 right.
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2.5 Stepwise Reaction of B-5
Scheme 11: Schematic representation of the performed stepwise based on B-5 and naming
convention of the products.
With respect to Crystal Engineering, the N coordinated complexes B-1 to B-4
as well as the O coordinated compound B-5 and B-6 show distinctly different be-
haviour. Our attempts to crosslink the dangling acetylacetone moieties in the former
did not yet lead to isolated crystalline reaction products. Attempts to cross link B-6
with a second cation was also not successful, whereas further N coordination of B-5
was successful (Scheme 11). Due to the lability of compound B-5, transmetala-
tion upon cross-linking reaction has been encountered. In this section, the resulting
bimetallic coordination network B-7 and the homometal-organic framework B-8
will be discussed (Scheme 11).
The Mg-O bonds to the coordinated MeOH molecules represent the predetermined
breaking points in B-5: equimolar reaction with cadmium acetate gives additional
coordination of a Cd coordinated acetate oxygen to the alkaline earth cation. In par-
allel, the pyrazolic N donor completes the octahedral coordination about a symmetry-
equivalent Cd(II). The reaction stoichiometry and a first interpretation of the sin-
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gle crystal diffraction experiment on solid B-7 suggest the overall composition
Mg(HacacPz)2Cd(OOCCH3)2. In line with this hypothesis, a coordination sphere
with 1¯ site symmetry made up entirely of oxygen atoms is observed for Mg (Fig. 45
left) whereas the softer Cd cation is situated on a twofold axis in a mixed nitrogen-
oxygen N2O4 environment (Fig. 45 right).
Figure 45: Coordination of a Mg(II) cation (left) and Cd(II) (right) in the crystal structure
of B-7. Ellipsoid are drawn at 50 % probability level. Symmetry operation: A = 0.5 -x,
1.5-y, 1-z ; B = 0.5 +x, 0.5+y, z ; C = 0.5 -x, 0.5+y, 1.5-z ; D = 1 -x, y, 1.5-z.
Closer inspection of the diffraction results, however, indicated a slightly more com-
plicated situation: refinement of the well-ordered structure model as described above
converged with an unrealistically small displacement parameter for the Mg cation.
This exclusively O coordinated site is not completely occupied by the alkaline earth
cation but also to a minor extend by Cd(II). Fig. 68 in the experimental part com-
piles displacement parameter plots for tentative variations in the occupancy factors:
visual inspection confirms a low Cd(II) content. Our final structure model is based
on site occupancy refinement in which the sum of the occupancies was constrained
to unity; it converged for 93.5(3)% of Mg and 6.5(3)% of Cd. We recall that the solid
thus characterized, B-7a, was obtained from a reaction in B-5 : Cd(OOCCH3)2 = 1
: 1 stoichiometry. Our interpretation of the disordered cation site is corroborated by
the existence of an isomorphous solid: B-7b crystallizes in the presence of an excess
of cadmium acetate and shows a Mg : Cd = 86.3(4) : 13.7(4) ratio for the occupancy
of the oxygen-coordinated cation. The information about partial occupancy of the O
six-coordinated cation site by Cd stems mostly from the very pronounced difference
in electron density between Mg and Cd; we also note, however, that cation-oxygen
distances in B-7b are slightly longer than in B-7a, in agreement with the more
pronounced site occupancy by the larger Cd(II) cation.
57
Chapter II. Results and Discussions
Figure 46: Histogram showing coordination numbers for Mg(II) (red, left) and Cd(II)
(blue, right) in exclusively O-coordinated environments.
Figure 47: Perspective view of the 3D network of the bimetallic coordination polymer
B-7. Six coordinated Cd is drawn in polyhedron mode(left); schematic illustrating the 3D
topology in B-7. Color code: pink node, Mg(II) center; black node, Cd(II) center; pink
stick, acetate linker; black stick, HacacPz− linker (right).
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B-7a and B-7b represent two individual compositions of a solid solution B-7 in
which the Mg(II) cation may be partially replaced by Cd(II). How surprising is this
type of substitutional disorder? The elements Mg and Cd both adopt hexagonal close
packing but clearly differ in their intermetal distances. As for their divalent cations,
Cd(II) (1.09 A˚) is significantly larger than Mg(II) (0.86 A˚) [108] and much softer with
respect to Pearson hardness. [109] Towards oxygen, both cations prefer coordination
number 6; a compilation of CSD-based [101] frequencies for different coordination
numbers is provided in Fig. 46. We are aware of only one crystal structure for
which substitutional disorder between Mg(II) and Cd(II) has been reported: Yao
and coworkers [110] have encountered a related case of a six-coordinated cation site
preferentially occupied by Mg(II), together with a small (7%) Cd(II) content.
B-7 forms a three-dimensional coordination network (Fig. 47 left). With respect to
topology, each Mg and Cd dication may be perceived as a 4-connected node. The
vertex symbol (4.4.82.82.88.88)(4.4.87.87.87.87) [75] can be assigned to the resulting
binodal (4,4) net, which corresponds to a pts net. [46] A simplified view of the
topology is shown in Fig. 47 right. [73]
N2ii O3 O3i
O2i
O1
O1i
Cu1
O6
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N1ii
Figure 48: Dinuclear node in B-8; the alternative orientation for the sulfato bridge has
been drawn in dashed lines. N-H· · ·O interactions are depicted in dashed blue lines; dN2−H
= 0.88 A˚; dH1···O5 = 1.95 A˚; dN2−H1···O5 = 2.812(17) A˚; ∠N2−H1···O5 = 166.4◦. Symmetry
operators: i = 1− x, 0.5− y, z; ii = 0.5− y, z, 1− x; iii = 0.5 + y, 0.5− z, 1− x.
A three-dimensional metal organic framework(MOF) B-8 is generated by transmet-
allation of the monoanionic ligand to Cu(II). B-8 crystallizes in the chiral cubic space
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group I213; in addition to the threefold rotation and the binary screw axis which
are immediately obvious from its symbol, this space group also contains twofold
rotations along [1 0 0] and ternary screw axes along [1 1 1].
The protonation pattern in the ligand is retained during transmetallation: the acety-
lacetonato moiety is chelating a transition metal cation, and the nucleophilic nitro-
gen atom in the pyrazolyl substitute acts as N donor towards a symmetrically equiv-
alent Cu(II). As a result, monoanionic HacacPz− acts as a linker between two Cu(II)
based nodes. These nodes do not correspond to isolated metal cations; rather, they
are binuclear aggregates as shown in Fig. 48.
Figure 49: Three HacacPz− bridged nodes in B-8; view direction is [1 1 1], methyl group
have been omitted for clarity.
Each binuclear node sits about a crystallographic twofold axis associated with Wyck-
off position 12b. In agreement with this site symmetry, the unit cell of B-8 contains
12 such nodes. The Cu(II) center in the asymmetric unit shows classical Jahn-Teller
distortion: its equatorial positions are occupied by O1 and O2 of the chelating
acetylacetonato ligand, the pyrazolyl donor atoms N1ii and the oxygen atom O3
of a bridging sulfate ligand. Longer axial bonds to the acetylacetonato O1i of the
neighbouring Cu cation and a water molecule O6 complete the elongated coordina-
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tion polyhedron. The sulfate bridging the symmetrically equivalent Cu neighbors
is slightly disordered, with the S atom displaced 0.38 A˚ from the twofold crystallo-
graphic axis.
Figure 50: Schematic illustrating the 3D topology in B-8. Color code: blue node: Cu(II)
center; black stick, HacacPz− linker.
Each of these binuclear nodes is tetracoordinated, with two HacacPz− ligands at-
tached via the acetylacetonato and two via the pyrazolyl moiety. Classical N-H· · ·O
hydrogen bonds between the pyrazolyl NH as donors and oxygen atoms of the bridg-
ing sulfate as acceptors stabilize the arrangement of the binuclear node with respect
to the ditopic linkers; these interactions have been included in Fig. 48. The threefold
rotation axis in [1 1 1] direction results in the pattern shown in Fig. 49.
Repeated crosslinking of the tetraconnected nodes by the HacacPz− linkers results in
an extended three-dimensional solid with Vertex symbol 3.3.102.102.103.103. With
respect to topology, B-8 corresponds to the semiregular lcv net (Fig. 50). [111] The
lcv net itself adopts space group I4132, a supergroup of our MOF B-8.
A remarkable feature of B-8 is its very large solvent content. The unit cell contains a
system of communicating non-framework regions with an overall volume of 8750 A˚3,
corresponding to 54.8 % of the total unit cell volume. This part of the crystal struc-
ture is not empty but contains disordered solvent molecules. No ordered structure
model could be deduced for these solvent regions; volume considerations, the elec-
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Figure 51: System of communicating solvent regions in B-8 in view direction [1 1 1] (left)
and [1 0 0] (right).
tron count according to the BYPASS [112] algorithm as available in PLATON [113]
and NMR analysis support the presence of three molecules of dichloromethane and
72 molecules of methanol in the unit cell. We will come back to the chemical aspects
of the solvent content below. The largest (eight) solvent-filled regions in the unit
cell are associated with a site at Wyckoff position 8a (x = y = z = 0.113), each with
a volume of ca. 600 A˚3. Fig. 51 shows projections of B-8 in view directions [1 1 1]
and [1 0 0], in which the solvent-containing part has been depicted in pink, together
with the well-ordered framework part of the extended solid.
The largest solvent-filled regions in B-8 confine with the uncoordinated oxygen
atoms of the sulfate bridges, thus facilitating the interaction of polar solvent molecules
such as dichloromethane and methanol. Our MOF releases these clathrated solvent
molecules within seconds after removal of single crystals from the mother liquor and
in parallel undergoes an almost complete loss of crystallinity. Fig. 52 shows that
only a single line tentatively associated with the strongest Bragg reflection {2 1 1}
remains visible in an experimental powder pattern of desolvated B-8. In view of the
low stability of B-8 towards desolvation, one cannot expect to obtain this compound
in the absence of solvent.
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Figure 52: Experimental powder pattern for desolvated B-8 and simulated pattern for
B-8 based on the single-crystal diffraction experiment.
Figure 53: Potential cocrystallizations partners and solvents used in attempts to stabilize
MOF B-8.
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In order to investigate the consequences of fast desolvation, a Brunauer-Emmett-
Teller absorption-desorption isotherm was registered. The specific surface area de-
tected amounted to less than 0.1 m2/g and thus indicated that no significant porosity
remained after desolvation: the open framework of B-8 irreversibly collapses upon
solvent loss.
Several attempts were made to increase the stability of our MOF with respect to
desolvation: a) the oxygen atoms directed towards the large solvent-filled regions
might allow coordination of additional hard cations; however, MOF B-8 does not
form in the presence of Al(III) or Fe(III) nitrate or sulfate. b) we attempted to
clathrate additional cocrystallization partners or at least alternative solvents with a
lower vapour pressure instead of the volatile solvents dichloromethane and methanol
employed in our original synthesis. Fig. 53 compiles the molecules tried in this con-
text; unfortunately, we have not been able to reproduce the synthesis of B-8 under
these conditions. c) we tested alternative bridging oxo anions in order to stabilize
the framework and achieve permanent porosity and therefore replaced copper sulfate
in part by copper hydrogenphosphate; MOF B-8 could not be isolated from these
reactions. In summary, our attempts to stabilize the target MOF have not yet been
successful.
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2.6 Enforced Deprotonation Approach
Scheme 12: Schematic representation of the performed reactions of enforced deprotonation
approach and naming convention of the products.
The aforementioned results had shown that both the hard O,O’ chelating and the
softer N donor group of B are available for coordination. However, deprotonation
of the diketo moiety requires a different approach than related substituted acety-
lacetones for which NaHCO3 proved sufficient. [11, 13, 16–18, 24, 26, 28, 29, 114–116]
Magnesium methoxide and aluminum ethoxide are the few reagents, which could
combine the oxophilicity and basicity required for deprotonation of the acetylaceto-
nato moiety. Giving the fact that extended solids based on the regular arrangement
of more than one type of cation, offer additional challenges in synthesis. Those
obstacles make step-wise synthesis based on H2acacPz difficult. Due to the limited
reports in the database, exploration of the coordination behaviour of H2acacPz is
still in the primitive stage. In order to gain additional information on the coordina-
tion behaviour, enforced deprotonation approach is used in this section.
Reactions of H2acacPz with copper carbonate and mercury acetate allow the de-
protonation of the ligand at both sides without selection and result in a molecular
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complex B-9 and a 2D layer compound B-10 (Scheme 12).
Figure 54: Coordination polyhedra around the copper cations (left, middle) and space
filling model of the [Cu4(HacacPz)8] molecules in B-9 (right); symmetry operators: A =
1-x, 1-y, 1-z
Due to the insolubility of copper carbonate, synthesis of B-9 requires for an ex-
tremely long reaction time of more than one month at room temperature. Accom-
panying with the deprotonation process, copper carbonate dissolved slowly in the
methanol solution of H2acacPz and turned the colorless solution to green. Evap-
oration of this green solution resulted in compound B-9. B-9 crystallizes in the
space group P21/c. This compound features two symmetrically independent cations
Cu1 and Cu2, both in distorted square pyramidal coordination, which show classical
Jahn-Teller distortion: its equatorial positions are occupied by four oxygen atoms
of the chelating acetylacetonato ligand. Longer axial bonds to pyrazolic N donor
complete the elongated coordination polyhedra (Fig. 54). B-9 features discrete
[Cu4(HacacPz)8] molecules with crystallographic 1¯ symmetry. In each molecule, the
Cu· · ·Cu distances range from 8.7360(13) - 8.9144(14) A˚. The chelated CuO2C3
rings in B-9 are no coplanar; the dihedral angle between CuO2 and C3 plane ranges
between 12 and 46◦.
The [Cu4(HacacPz)8] molecules are arranged in parallel stacks along ac plane. Stack-
ing of the molecules and the molecular packing as space filling model is presented
in Fig. 54. The low packing index of 0.621 suggests a thermodynamic instability of
this structure.
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The two-dimensional layer network B-10 is obtained when Hg(OAc)2 reacts with
H2acacpz in a 2:1 ratio. B-10 crystallizes in the monoclinic space group I2/a,
with one Hg(II), half acacPz2− and one acetate anion in its asymmetric unit. In
contrast to B-9, in B-10 H2acacPz loses protons at both sides upon deprotonation
of Hg(OAc)2.
Figure 55: Left: coordination polyhedron of a Hg(II) cation; symmetry operators: A =
x, 1+y, z; B = 0.5-x, 1+y, 1-z; C = 1-x, 2-y, 1-z. Right: coordination of a ligand in the
crystal structure of B-10; symmetry operators: A = 0.5-x, y, 1-z; B = x, -1+y, z; C =
0.5-x, -1+y, 1-z.
Figure 56: The 2D layer network in the crystal structure of B-10.
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Each mercury cation shows six fold coordination and adopts a strongly distorted
octahedral geometry; one oxygen atom from acetate anion and one nitrogen atom
from acacPz2− occupy the apical position with shorter Hg-O/N bonds (Fig. 55 left).
In contrast to B-9, H2acacpz is deprotonated at both sides. Fig. 55 right shows the
deprotonation situation and the coordination mode of a ligand in B-10. The fully
deprotonated ligands are linked by Hg cations and expend the structure into a 2D
layer network (Fig. 56).
Indeed, more O,N’ coordinated complexes can be obtained from the enforced depro-
tonation approach. However, compound B-9 and B-10 show no systemic common
feature. Coordination modes of ligand and metal, reaction stoichiometry as well
as the structure architecture differ distinctly in these two compounds. Therefore,
structural control and prediction from this approach are nearly impossible.
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3 Phase Transition
3.1 Reconstructive Phase Transition in A-1
Since single crystal of A-1 went through a drastic phase transition and turned in
powder upon cooling of liquid nitrogen, its structure was studied at 293 K. In order
to get more information of the low temperature phase as well as the phase transition,
temperature-dependent powder diffraction was applied.
Using powder diffraction, we examined the phase changes with cooling from 290 to
90 K in 20 K-steps. Shown in Fig. 57 is the transformation of the room temperature
phase to low temperature phase between 130 and 110 K. The new phase shows less
peaks but stronger intensity, which might indicate a higher symmetry: higher space
group or smaller unit cell. Violation of the symmetry relation suggests this phase
transition is a first order phase transition.
Figure 57: 2D-plot of temperature dependent XRPD measurements from cooling experi-
ment (left); series of powder diffraction patterns plotted in 3D mode with a temperature
range between 290 K and 90 K (right).
The subsequent heating experiment confirms the reversibility of this phase transi-
tion. A hysteresis effect of first order phase transition is also detected in this case:
the phase transition occurred between 130 and 150 k in the heating process (Fig.
58). Since it seems to be no group-subgroup relationship between these two phases,
understanding the structural chemistry of the low temperature phase may be very
difficult.
For crystals of organic and coordination compounds with low symmetries, crystal
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Figure 58: 2D-plot of temperature dependent XRPD measurements from heating experi-
ment (left); series of powder diffraction patterns plotted in 3D mode with a temperature
range between 50 K and 290 K (right).
structure analysis from powder diffraction data is generally difficult because of the
limited number of data. Fortunately, a unit cell of the low temperature phase could
be indexed from the powder diffraction data. Comparison of this unit cell with that
of high temperature is listed in Table 13. It is worthwhile noticing the unit cell
volume of the low temperature phase is roughly half of the high temperature phase.
The lattice parameters b and c, and the volume V decreased upon cooling, while a
increased. Since this is a first order phase transition, no symmetry relationship of
these two phases are expected. However, orientation of the Mg complex in these
two phases should be related.
Table 13: Comparison of the unit cell parameters between low temperature and high
temperature phase of A-1.
temperature (K) 10 293
a (A˚) 6.458(11) 9.000(7)
b (A˚) 9.766(17) 12.629(9)
c (A˚) 12.348(17) 13.957(10)
β (◦) 94.19(10) 98.469(12)
V (A˚3) 776.7(3) 1569(2)
space group P2/c C2/c
In order to get a visual comparison of these two unit cells, a unit cell box of the low
temperature phase is overlaid with that of high temperature (Fig. 59). The mech-
anism of this phase transition is probably driven by the reconstruction of hydrogen
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bonds. The axes not involved in the extending of hydrogen bonds, c axis in the low
temperature phase and b axis in the high temperature phase, go through minimum
change upon cooling. This hypothesis needs to be confirmed by modeling of the
structure of low temperature phase, which will be done in the near future.
Figure 59: Overlay of the unit cell boxes of low temperature and high temperature phases;
low temperature phase is drawn in green, hydrogen bonds are drawn in dashed blue lines.
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3.2 Tunable k2 Phase Transition in A-2
Scheme 13: Structurally characterized phases of the one dimensional bimetallic chain
polymers.
The crystal structures of the low temperature α phases of A-2a and A-2b have been
described in first section of this chapter. In addition to them, another isomorphous
chain polymers A-2c with statistical disorder of BF4
−, ClO4− is also synthesized
(Scheme 13). Their structures underline why a qualified discussion of the phase
transition must be based on significant additional work: The solids contain weakly
coordinated methanol; meaningful powder diffraction experiments are restricted to
a short interval before loss of the methanol molecules leads to decomposition and
formation of a structurally different solvent-free compound. Therefore, temperature-
dependent powder diffraction, usually the method of choice for monitoring phase
transitions, cannot be applied. Fortunately, larger single crystals are much more
inert with respect to desolvation and even allow for data collection times of several
hours at elevated temperatures, e.g. 320 K. Therefore, the analysis of the phase
transition in A-2a, A-2b and A-2c required 5 or 6 full intensity data collections for
each compound in the proximity of its transition temperature; details are given in
the experimental part (page 118). The symmetry relationship between the high and
low temperature phases of the compounds described here is explained in Scheme 14.
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Scheme 14: Symmetry relationship between the high (β) and low (α) temperature phases
of the compounds.
We will first focus on the effects of the phase transition in real space. In the low
temperature α phases, all atoms reside in general position in space group P21/c,
with a complete formula unit of the chain polymer in the asymmetric unit. As an
example, the geometry for A-2aα is discussed here; the situation in the low tem-
perature forms of A-2b and A-2c is very similar. The Ag(I) cation is coordinated
by two nitrile groups at short distances (ca. 2.1 A˚) in an almost linear fashion (N1-
Ag1-N2i = 175.75(15) A˚). Additional interactions involve close contacts to a solvent
methanol molecule (Ag1-O5 = 2.573(4) A˚) and to a tetrafluoroborate anion (Ag1-
F4 = 2.716(3) A˚). In the other compounds, perchlorate (A-2b) or a mixture of
tetrafluoroborate/perchlorate with statistical occupancy (A-2c) act as counteran-
ions. Angles involving the longer contact distances, e.g. O-Ag-N, show that the
overall Ag environment is asymmetric (Fig. 60 bottom).
In the high temperature β phases, the chain polymers adopt space group C2/c with
Pd(II) and Ag(I) on crystallographic twofold axes. Consequently, the asymmetric
unit comprises only half a formula unit of the polymer. The resulting local envi-
ronment about Ag(I) (Fig. 60 top) exhibits very similar values for the short Ag-N
distances and the subtended angle as in the α phase. It is, however, necessarily sym-
metric, and the metal cations are precisely aligned when viewed in the direction of
chain propagation, i.e. along [1 0 -1]. Symmetry in the β phases involves disorder of
the coordinated methanol molecules about the crystallographic twofold axis passing
through the Ag(I) center.
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Figure 60: Local environment about the Ag(I) cations in the β (top) and α (bottom)
phase of A-2a; view direction is along [0 0 1]. The situation for A-2b and A-2c is
similar. Symmetry operators: i = x+1, y, z -1; ii = 2-x, y, 0.5-z.
How about reciprocal space? The C centering of the unit cells associated with the
high temperature β forms imply the integral reflection condition h k l, h + k = 2n.
Reflection intensities for h k l, h + k = 2n + 1 should be systematically absent. With
respect to the overall diffraction pattern, the ratio between the latter forbidden and
the former allowed reflection intensities, expressed as
I(f/t) =
∑
I(h+k=2n+1)∑
I(h+k=2n)
(1)
should assume very small values, ideally zero, at the phase transition temperature.
The ab plane with its C centering for the high temperature phases is shown in Fig.
61a.
For the low temperature α phases, no integral reflection condition can be expected.
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Figure 61: Projections of the C-centered β phase (a) and the pseudo-centered α phase (b)
of A-2a; conventional unit cells are indicated by solid, the centered pseudo-cell for A-2aα
by dashed lines. H atoms, coordinated methanol and BF4
− anions have been omitted for
clarity; the situation in A-2b and A-2c is similar.
Fig. 61b shows, however, that the arrangement of the most relevant scattering cen-
ters in the α phases is rather similar to that in β: pronounced pseudosymmetry is
observed, and therefore the intensity of reflections h k l, h + k = 2n exceed those
of h k l, h + k = 2n + 1 significantly, even below the phase transition temperature.
This fact was indeed the original motivation for temperature-dependent diffraction
experiments on crystals of A-2a which ultimately led to the discovery of the phase
transition. Even at 100 K, far away from the phase transition temperature, reflec-
tions with h + k = 2n are much stronger than those not matching this condition,
and hence the corresponding value for I(f/t) in eq. 1 amounts to ca. 0.5. Obvi-
ously, for any structure without pseudosymmetry, a ratio close to unity is expected.
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In agreement with the requirements for the order parameter [53] in a second order
phase transition, the intensity ratio I(f/t) calculated according to eq. 1 is a func-
tion of temperature in the low symmetry form; it approaches a small value at the
phase transition and remains close to zero in the high symmetry phase. Remarkably,
the isomorphous solids A-2a and A-2b differ significantly in their phase transition
temperatures; Fig. 62 summarizes these results.
Figure 62: Intensity ratio I(f/t) as a function of temperature for A-2a, A-2b and the
mixed anion compound A-2c.
Due to relatively fast desolvation of powder samples, our experiments have been
conducted on larger and more stable single crystals. Each individual data point
specifies an I(f/t) ratio at a given temperature and is based on a complete set
of intensity data. In the context of these experiments, we did not only obtain
information concerning the transition temperatures but we could also confirm the
expectation that the phase transitions are fully reversible and that single crystals
can survive even after five consecutive cycles of heating and cooling.
A-2a and A-2b share the same cationic chain polymer structure but differ with
respect to their counter anions. The difference in their phase transition temperatures
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encouraged us to test whether this property might be tuned by chemical substitution
in the anionic part of the structure. We had encountered an analogous example for
the t2 phase transition in the one-dimensional polymers [Cd(µ-X)2py2] (X = Cl, Br;
py = pyridine). [117] A chain polymers in which tetrafluoroborate and perchlorate
occupy the anion positions in statistical distribution can indeed be prepared: This
molecular alloy A-2c is also isomorphous with A-2a and A-2b, crystallizing in the
same space group with similar lattice parameters. Tentative refinement of the atomic
site occupancies in the anion region unambiguously proved the concomitant presence
of tetrafluoroborate and perchlorate. In the final refinement of the low temperature
intensity data for A-2cα, the anion site was treated as equally populated by both
alternative anions; additional details are provided in experimental part (page 119).
Coordination polymer A-2c also meets the expected property with respect to the
k2 phase transition and features an intermediate transition temperature as shown in
Fig. 62. In view of the fact that intensity data collected at 320 K, i. e. well above the
phase transition temperatures, showed large anisotropic displacement parameters
for the individual anions in A-2a and A-2b, no attempt was made to establish a
disorder model with atomic resolution for the high temperature form A-2cβ.
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Summary and Outlook
Coordination polymers have found steadily growing interest during the last decades.
The combination of metal-derived connectors and organic linkers allows for a plethora
of structures and attractive applications. The resulting coordination polymers from
self-assembly of metal centers and ligands display a variety of framework archi-
tectures and functionalities. In order to efficiently achieve a target architecture or
property, the self-assembly methodology has been extended to utilize metallo-ligands
instead of ligands. For this purpose, ditopic ligands have yielded great success by
preparing secondary building units (metallo-ligands) for stepwise reactions. In this
regard, survey of this thesis starts using two N donor functionalized acetylaceto-
nates as ditopic ligands: 3-cyano-2,4-pentanedione (HacacCN) and 3-(3,5-dimethyl-
pyrazol-4-yl)pentane-2,4-dione (H2acacPz).
In the literature, study of HacacCN mainly focused on building blocks based on
trivalent metal cations and their cross-linking behavior; this thesis addresses ad-
ditional investigations on divalent metal cations. Two linear building blocks with
different labilities, Pd(acacCN)2 and Mg(acacCN)2(H2O)2, are selected to conduct
this research systematically. Crosslinking of the building block Pd(acacCN)2 with
silver salts leads to products of two topologies. The Pd(acacCN)2 units link Ag(I)
cations in an alternating arrangement into cationic chains or bridge [AgNO3]n lay-
ers for a 3D network. In contrast, cross-linking of the labile Mg building block
with Ag(I) leads to the rearrangement of a neutral bis(ligand) to a monoanionic
tris(ligand) complex. Interpenetration or solvent inclusion are required to achieve
acceptable space filling of the resulting neutral frameworks. The topologies of the
solvates depend on the co-crystallized small molecules. Competition experiments
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confirm that dichloromethane represents the preferred co-crystallization partner.
Since only a few results about pyrazolyl-substituted acetylacetone H2acacPz were
reported in the literature, study of this ligand is still in the primary stage. Employing
cations of different Pearson hardness to selectively deprotonate the soft N and the
hard O donor site of this ligand is covered in this thesis in detail. A resulting
bis(ligand) Mg complex can be used as starting compound to crosslink the dangling
pyrazolyl moieties with Cd(II) for a Mg/Cd complex, which is the first known case
of bimetallic derivative based for this ligand.
The most successful approach of this thesis is construction of magnesium secondary
building units from magnesium methanolate, which is obtained freshly via the reac-
tion of elementary Mg and dry methanol. This attempt is especially important for
the pyrazolyl-substituted acetylacetone, because deprotonation of the diketo moiety
of this ligand requires a more drastic condition than the other one. As a labile
building block, Mg complexes show a variety of behaviors upon cross-linking with
the second cation: coordination sphere rearrangement and transmetallation. The
latter makes a Mg complex not only a building block for construction of bimetallic
compounds but also a precursor for the synthesis of a metal-organic framework with
very high solvent content.
Results from this thesis display a variety of framework architectures including inter-
penetration and self-catenation. The resulting structures range from 0D aggregates
to three dimensional frameworks. Understanding, classification and description of
the framework structures rely on topological analysis.
Apart from static crystal structures, the dynamic properties of a solid material are a
research interest of this work. A reconstructive and a second order phase transition
are studied. Temperature-dependent powder diffraction as well as single crystal
diffraction are used as key techniques to investigate the phase transition. Phase
transition temperatures are determined in both cases; tuning of phase transition
temperature is accomplished in the latter case by synthesizing a molecular alloy
with statistical disorder of two types of counter anion. In order to understand the
mechanism of the reconstructive phase transition, modeling of the structure at low
temperature is necessary and will be done in the future.
This work investigates mainly in the area of basic research with respect to synthe-
sis and characterization. Future work will be dedicated to the properties of the
described coordination compounds, such as catalytic activity, luminescence, mag-
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netism or gas capture. Attempts to achieve permanent porosity of the Cu based
metal organic framework have not been successful as of yet. However, the rare and
chiral lcv topology with its potential application for chiral discrimination makes this
MOF an attractive target for future synthetic attempts. Small modification within
the binuclear nodes can be considered in the future.
81

Chapter IV
Experimental
1 General Measurement Equipment
1.1 Single Crystal X-ray Diffraction
The diffraction experiments were performed with a Bruker D8 goniometer equipped
with an Incoatec microsource (Mo-Kα, λ = 0.71073 A˚, multilayer optics) and an
APEX CCD detector; the sample temperature was controlled with an accuracy of
ca. 2 K with an Oxford Cryostream 700 instrument. Intensity data were integrated
with SAINT + [118] and corrected for absorption by multi-scan methods using the
program SADABS. [119] The crystal structures were solved with Patterson or Direct
methods, and refinements were accomplished with full matrix least-squares proce-
dures as implemented in SHELXL-13. [120] All non-hydrogen atoms were assigned
anisotropic displacement parameters; hydrogen atoms were placed in idealized po-
sitions and included as riding with constrained isotropic displacement parameters.
The hydrogen atoms of the hydroxyl group and secondary amine were located ac-
cording to the following strategy:
1. tentative assignment of local electron density maxima from Fourier difference
maps, followed by refinement with distance restraints;
2. in the absence of geometrically acceptable electron density maxima, positions in
the direction of a suitable hydrogen bond acceptor were calculated and subjected to
distance restraints;
3. if neither matching electron density maxima nor suitable hydrogen bond ac-
ceptors were available, H atoms were calculated in standard distance in arbitrary
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orientation. Refinement details for the structures are reported separately in the
experimental part of each section.
The graphical presentation of the crystal structures was performed using the pro-
grams DIAMOND, [121] Mercury [122] and PLATON. [64, 123] For the calculation
of packing coefficients and geometry features the program PLATON [64, 123] was
employed. For topological analysis of the network structures the program OLEX [73]
and GTECS3D [75] was used.
1.2 External Measurements
Powder diffraction experiments were performed at room temperature on flat samples
with a Stoe & Cie STADI P diffractometer equipped with an image plate detector
with constant ω angle of 55◦ using germanium-monochromated Cu-Kα1 radiation (λ
= 1.54051 A˚). The analysis of the phase purity of the bulk sample was performed
based on the comparison of the experimental powder pattern with the simulation
from structure determined by single crystal X-ray diffraction. The simulated powder
patterns are obtained by using the program Mercury. [122]
IR spectra were recorded on a Nicolet Avatar 360 E.S.P. spectrometer in KBr
windows. Raman spectra were obtained with a Horiba LABRAM HR instrument
equipped with a 633 nm HeNe excitation laser.
The electron-impact mass spectrum of H2acacPz (B) was recorded on a Finnigan
MAT-95 at a nominal electron energy of 70 eV.
CHN microanalyses were carried out at the Institute of Organic Chemistry, RWTH
Aachen University, using a HERAEUS CHNO-Rapid.
1H NMR spectra were measured with a Bruker Avance II UltrashieldTM plus 400
instrument (400 MHz, referenced to TMS).
19F NMR spectra were measured with a Bruker Avance II UltrashieldTM plus 400
instrument (376.5 MHz, referenced to CCl3F).
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2 Synthesis of 3-cyano-2,4-pentanedione, HacacCN
The HacacCN ligand was prepared according to the literature method by Silvernail
et al. [20] The reaction was accomplished using standard Schlenk techniques. CH2Cl2
and DMF were dried on molecular sieve overnight. CH2Cl2 was refluxed with P2O5
for 2 hours (cooling: cryostat -10◦C) and then distilled off. DMF was purified by
distillation. 2,4-Pentanedione was distilled from Na2CO3 immediately before use.
CH2Cl2 (27.0 mL) and 2,4-pentanedione (10.0 g, 0.100 mol) were added and the
mixture was stirred for 5 min. 4.75 mL ClSO2NCO (7.72 g, 0.055 mol) were added
drop wise over a time period of 5 min. The solution was stirred for additional 5
min. 8.40 mL DMF (7.90g, 0.108 mol) were added subsequently and the reaction
mixture turned dark-red. After 30 min, the organics were extracted with H2O (2 x
50 mL), dried overnight with Na2SO4 and removed in vacuum. The yellow-brown
crude product was purified by vacuum sublimation (60 ◦C) resulting in colorless
crystals. Yield: 1.89 g (15 mmol, 15%).
3 Synthesis of Pd(acacCN)2
Synthesis of the building block was described in the doctoral thesis by C. Merknens.
[61] HacacCN (250 mg, 2 mmol) was dissolved in a mixture of MeOH and H2O
(2 mL/7 mL). NaHCO3 (168 mg, 2 mmol) was slowly added (20 min). Palladium
acetate (224 mg, 1 mmol) was suspended in the solution of the deprotonated ligand.
The suspension was stirred for 16 hours at 35 ◦C. After two hours formation of a
yellow solid started. After sixteen hours the yellow precipitate was filtered (G3 frit
with pore size of ca. 20-40 microns), washed with water, and dried in a desiccator.
Yield: 253 mg (0.71 mmol, 71%). IR: ν(C−−N, cm−1) = 2210.
4 Synthesis of Mg(acacCN)2(H2O)2, A-1
Magnesium methoxide was prepared by reaction of Mg (23.9 mg, 1 mmol) with
dry MeOH (10 mL) at room temperature; standard Schlenk technique was used to
exclude moisture and oxygen. This magnesium methoxide solution was combined
with a solution of HacacCN (250 mg, 2 mmol) in dry MeOH and stirred for 3 h.
The clear reaction mixture was left unperturbed for slow evaporation in contact
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with ambient atmosphere. During crystallization, the bis(ligand) Mg complex took
up two aqua ligands. Colorless crystals grew over a period of one week. Yield:
197.4 mg (1.28 mmol, 64%). Phase purity of the product was confirmed by powder
diffraction of the bulk material. Anal. Calcd. for C12H16MgN2O6 (with coordinated
water): C: 46.71, H: 5.23, N: 9.08. Found: C: 46.58, H: 5.07, N: 9.10. IR: ν(C≡N,
cm−1) = 2190.
4.1 Crystallographic Studies of A-1
In A-1, the hydrogen atoms of water were located as electron density maxima from
the Fourier difference maps and included in the refinement with distance restraints.
In order to avoid a drastic phase transition upon cooling, the diffraction experiment
on A-1 was conducted at 293 K.
Table 14: Crystal data and refinement results for the magnesium building unit, A-1.
Compound A-1
Empirical formula C12H16MgN2O6
Moiety formula C12H12MgN2O4
2(H2O)
Formula weight (g/mol) 308.58
Crystal description colourless plate
Crystal size (mm) 0.14 x 0.21 x 0.24
Crystal system monoclinic
Space group C2/c
a (A˚) 9.000(7)
b (A˚) 12.629(9)
c (A˚) 13.957(10)
β (◦) 98.469(12)
V (A˚3) 1569(2)
Z 4
µ (mm−1) 0.139
Total/unique reflections 6836/1583
Rint 0.0992
R[F 2 > 2σ(F 2)] 0.0611
wR2 (F
2) 0.1737
GOF 1.023
No. of parameters 106
∆ρmax/∆ρmin (e A˚
−3) 0.243/-0.254
CCDC 1541917
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5 Bimetallic Coordination Networks based on
Pd(acacCN)2 and Ag(I)
5.1 Syntheses of [Pd(acacCN)2Ag(MeOH)]BF4, A-2a and
[Pd(acacCN)2Ag(MeOH)]ClO4, A-2b
The building unit Pd(acacCN)2, (18 mg, 0.05 mmol) was dissolved in 3 mL CH2Cl2.
AgBF4 (9 mg, 0.05 mmol) was dissolved in 3 mL methanol and layered above it with
an intermediate layer of 1 mL CH2Cl2 and 1 mL methanol. Yellow crystals were ob-
tained after one week of crystallization time and single crystal X-ray diffraction char-
acterized them as the linear chain polymer A-2a. Yield: 14 mg (0.025 mmol, 50%)
Analysis: CHN: Anal. Calcd. for [Pd(acacCN)2AgBF4]: C12H12AgBF4N2O4Pd: C:
26.24, H: 2.20, N: 5.10. Found: C: 26.16, H: 2.70, N: 4.76. IR: ν(C−−N, cm−1) =
2237.
The analogous reaction conducted with AgClO4 (10 mg, 0.05 mmol) as cross-linking
reagent yielded the chain polymers A-2b. Yield for A-2b: 15 mg (0.027 mmol, 54
%) Analysis: CHN: Anal. Calcd. [Pd(acacCN)2AgClO4]: C12H12AgClN2O8Pd: C:
25.65, H: 2.15, N: 4.98. Found: C: 25.87, H: 2.47, N: 4.80. IR: ν(C−−N, cm−1) =
2229.
5.2 Synthesis of Pd(acacCN)2Ag2(NO3)2, A-3.
The building unit Pd(acacCN)2, (18 mg, 0.05 mmol) was dissolved in 3 mL CH2Cl2.
AgNO3 (16 mg, 0.10 mmol) was dissolved firstly in one drop of water and then 3
mL of methanol was added. The solution was layered on top of the building unit
solution with an intermediate layer of 1 mL CH2Cl2 and 1 mL methanol. Yellow
crystals were obtained after one day of crystallization time and they were identified
by single crystal X-ray diffraction as 3D network A-3. Crystals are stable after they
have been removed from the reaction mixture. Yield: 19 mg (0.028 mmol, 56%)
Analysis: CHN: Anal. Calcd. for [Pd(acacCN)2Ag2(NO3)2]: C12H12Ag2N4O10Pd:
C: 20.76, H: 1.74, N: 8.07. Found: C: 20.73, H: 1.80, N: 8.08. IR: ν(C−−N, cm−1) =
2233.
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5.3 Crystallographic Studies of A-2a to A-3
Crystal data and refinement results for A-2a, A-2b and A-3 are summarized in
Table 15. In A-2a and A-2b, the hydrogen atoms of the hydroxyl group of the
methanol molecule were located as electron density maxima from the Fourier differ-
ence maps and included in the refinement with distance restraints. In A-2b, two
oxygen atoms of the perchlorate anion showed positional disorder. The occupancy
of two alternative positions was refined using distance restraints; it converged at a
40:60 ratio for the alternative orientations.
Table 15: Crystal data and refinement results for the Pd/Ag bimetallic coordination
polymers A-2a, A-2b and A-3.
Compound A-2a A-2b A-3
Empirical formula C13H16AgBF4N2O5Pd C13H16AgClN2O9Pd C12H12Ag2N4O10Pd
Moiety formula C12H12AgN2O4Pd, C12H12AgN2O4Pd, C12H12Ag2N2O4Pd,
BF4, CH3OH ClO4, CH3OH 2 NO3
Formula weight (g/mol) 581.37 594.02 694.40
Crystal description yellow plate yellow plate yellow rod
Crystal size (mm) 0.24 x 0.20 x 0.16 0.19 x 0.15 x 0.09 0.11 x 0.05 x 0.04
Crystal system monoclinic monoclinic monoclinic
Space group P21/c P21/c P21/c
a (A˚) 11.6947(9) 11.7013(18) 4.6283(8)
b (A˚) 17.3278(14) 17.518(3) 25.815(4)
c (A˚) 9.1324(7) 9.1703(14) 7.8121 (13)
β (◦) 98.1670(11) 98.006(2) 105.265(2)
V (A˚3) 1831.9(2) 1861.4(5) 900.5(3)
Z 4 4 2
µ (mm−1) 2.117 2.211 3.205
Total/unique reflections 21198/3820 22129/3852 10789/1878
Rint 0.0597 0.0450 0.0323
R[F 2 > 2σ(F 2)] 0.0418 0.0250 0.0180
wR2 (F
2) 0.1242 0.0675 0.0440
GOF 1.132 1.033 1.071
No. of parameters 253 272 135
∆ρmax/∆ρmin (e A˚
−3) 1.171/-1.224 0.759/-0.667 0.445/-0.556
CCDC 1005520 1005521 1005524
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6 Bimetallic Coordination Networks based on
Mg(acacCN)2(H2O)2 and Ag(I)
6.1 Synthesis of [Mg(acacCN)3Ag]·CH2Cl2, A-4a and
[Mg(acacCN)3Ag]·C3H6O, A-4b
In a test tube, the bis(ligand) Mg complex A-1 (15 mg, 0.05 mmol) was dissolved in
a mixture of MeOH/CH2Cl2 (1 mL/1 mL). An intermediate layer of 0.1 mL CH2Cl2
and 0.4 mL methanol was added, and a third layer of AgBF4 (9 mg, 0.05 mmol)
dissolved in 1 mL methanol was placed on top. Colorless crystals were obtained
after one day; single crystal X-ray diffraction characterized them as the 2-fold inter-
penetrated 3D network A-4a. Yield: 11 mg (0.022 mmol, 66%). Anal. Calcd. for
[Mg(acacCN)3Ag]·CH2Cl2: C19H20AgCl2MgN3O6: C: 38.71, H: 3.42, N: 7.13 Found:
C: 38.88, H: 3.53, N: 7.03. IR: ν(C≡N, cm−1) = 2194, 2163.
Crystals of A-4b were prepared in an analogous way using acetone instead of
CH2Cl2. Yield: 10 mg (0.020 mmol, 60%). Microanalysis indicates partial loss
of solvent. Anal. Calcd. for [Mg(acacCN)3Ag]·C3H6O: C21H24AgMgN3O7 (solvated
compound as found by single crystal diffraction): C: 44.83, H: 4.30, N: 7.47; for
Mg(acacCN)3Ag: C18H18AgMgN3O6 (framework after complete release of clathrated
acetone): C: 42.85, H: 3.60, N: 8.33; for C19.5H21AgMgN3O6.5 (framework with 0.5
equivalents of acetone): C: 43.89, H: 3.97, N: 7.87. Found: C: 43.63, H: 4.14, N:
7.40. IR: ν(C≡N, cm−1) = 2198, 2163.
6.2 Synthesis of [Mg(acacCN)3Ag]·4CHCl3, A-5a and
[Mg(acacCN)3Ag]·1.5C6H6·MeOH, A-5b
In a test tube, the bis(ligand) Mg complex A-1 (15 mg, 0.05 mmol) was dissolved in a
mixture of MeOH/CHCl3 (1 mL/1 mL). An intermediate layer of 0.1 mL CHCl3 and
0.4 mL methanol was added, and a third layer of AgBF4 (9 mg, 0.05 mmol) dissolved
in 1 mL methanol was placed on top. Colorless crystals were obtained after two days;
single crystal X-ray diffraction characterized them as the 2D network A-5a. 10 mg
(0.020 mmol, 60%). Microanalysis indicates almost complete loss of cocrystallized
chloroform. Anal. Calcd. for [Mg(acacCN)3Ag]·4CHCl3: C22H22AgCl12MgN3O6:
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C: 26.91, H: 2.26, N: 4.28; for Mg(acacCN)3Ag: C18H18AgMgN3O6 (framework
after complete release of clathrated chloroform): C: 42.85, H: 3.60, N: 8.33; for
C18.8H18.8AgCl2.4MgN3O6 (framework with 0.8 equivalents of chloroform): C: 37.63,
H: 3.16, N: 7.00. Found: C: 37.92, H: 3.10, N: 7.03. Crystals of A-5b were prepared
in an analogous way using benzene instead of CHCl3. Yield: 13 mg (0.026 mmol,
78%). Microanalysis indicates significant loss of cocrystallized solvent molecules.
Anal. Calcd. for [Mg(acacCN)3Ag]·1.5C6H6·MeOH: C28H31AgMgN3O7: C: 51.44,
H: 4.78, N: 6.43; for Mg(acacCN)3Ag: C18H18AgMgN3O6 (framework after com-
plete release of clathrated benzene and methanol): C: 42.85, H: 3.60, N: 8.33; for
C19.8H19.8AgMgN3O6 (framework with 0.3 equivalents of benzene): C: 45.04, H: 3.78,
N: 7.96. Found: C: 44.90, H: 3.60, N: 7.46. Desolvation product of A-5a and A-5b
show similar bond associated with C≡N vibration at 2201 cm−1 in IR.
6.3 Synthesis of Mg(acacCN)3AgMeOH, A-6
In a test tube, the bis(ligand) Mg complex A-1 (15 mg, 0.05 mmol) was dissolved
in 1 mL MeOH and a solution of AgBF4 (9 mg, 0.05 mmol) in 1 mL MeOH was
carefully layered underneath with the help of a syringe. Colorless crystals were
obtained after two days; single crystal X-ray diffraction characterized them as 3D
network A-6. Yield: 9.9 mg (0.020 mmol, 60%) Anal. Calcd. for Mg(acacCN)3Ag:
C18H18AgMgN3O6 (framework after complete release of clathrated methanol): C:
42.85, H: 3.60, N: 8.33; Found: C: 43.33, H: 3.37, N: 8.64. IR: ν(C≡N, cm−1) =
2182.
6.4 Synthesis of [Mg(acacCN)3AgMg0.5(acacCN)MeOH]
·MeOH·DMF, A-7
In a test tube, the bis(ligand) Mg complex A-1 (18 mg, 0.06 mmol) was dissolved
in 0.5 mL DMF. AgBF4 (7 mg, 0.04 mmol) was dissolved in 1 mL methanol and
layered on top. Colorless crystals were obtained after one week; single crystal X-ray
diffraction characterized them as the 3D network A-7. Yield: 10 mg (0.016mmol,
40%) IR: ν(C≡N, cm−1) = 2202. Due to the hygroscopic nature of the desolvation
product, no satisfactory elemental analysis for A-7 could be obtained.
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6.5 Solvent Competition Experiments
A first solvent competition experiment included dichloromethane, acetone, chloro-
form, benzene, methanol and diethyl ether. In a test tube, the bis(ligand) Mg
complex A-1 (15 mg, 0.05 mmol) was dissolved in 1 mL MeOH; 0.2 mL CH2Cl2, 0.2
mL acetone, 0.2 mL CHCl3, 0.2 mL benzene and 0.2 mL Et2O were added. AgBF4
(9 mg, 0.05 mmol) was dissolved in 1 mL methanol and layered on top. Colorless
crystals were obtained after two days. These crystals showed severe disorder in the
solvent region, and the resolution of their diffraction pattern did not meet the usual
standards. Their unit cell, however, corresponded to that of structure type A-4,
the solvate obtained from dichloromethane and acetone.
In order to decide whether dichloromethane and acetone were preferentially co-
crystallized, a second competition experiment was limited to these two solvents.
Colorless crystals were obtained after two days; single crystal X-ray diffraction char-
acterized them as the 3D network A-4c.
6.6 Crystallographic Studies of A-4a to A-7
The crystal data of the bimetallic coordination polymers A-4a-A-7 have been sum-
marized in Table 16, Table 17 and Table 18.
In A-4c, substitutional disorder of dichloromethane and acetone was encountered.
After assignment of the dichloromethane molecule, the geometry of a well-ordered
acetone moiety from the CSD [33] was used to fit the target residual electron density
maxima, followed by rigid group refinement. A tentative site occupancy refinement
converged for a ratio dichloromethane : acetone = 79.8(3) : 20.2(3)%, with the
sum of the site occupancies of both alternative solvents constrained to unity. In
the final disorder model, dichloromethane was assigned a site occupancy of 0.8 and
methanol of 0.2, the chlorine atoms associated with the dichloromethane molecule
were assigned anisotropic displacement parameters and the C atoms of both solvent
variants and the O atom of the methanol molecule were assigned a common isotropic
displacement parameter. For the case of A-5a, a tentative SQUEEZE [112] calcu-
lation suggested the presence of eight CHCl3 molecules per unit cell. Three of the
four solvent molecules per asymmetric unit show positional disorder. A treatment
as disordered solvent region with the SQUEEZE [112] resulted in an unsatisfac-
tory weighting scheme and high unassigned residual electron density. A satisfactory
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structure model required two alternative orientations for each disordered chloroform
molecule. The sum of their occupancies was constrained to unity, distance and angle
restraints were used to ensure stable geometries and anisotropic displacement pa-
rameters for alternative atom sites were refined with similarity restraints. In A-7,
the N,N-dimethylformamide was disordered over two orientations with combined full
site occupancy. Geometry and displacement similarity restraints were used during
the refinement of the disorder model.
Table 16: Crystal data and refinement results for the Mg/Ag bimetallic coordination
polymers A-4a and A-4b.
Compound A-4a A-4b
Empirical formula C19H20AgCl2MgN3O6 C21H24AgMgN3O7
Moiety formula C18H18AgMgN3O6 C18H18AgMgN3O6
CH2Cl2 C3H6O
Formula weight (g/mol) 589.46 562.61
Crystal description colourless rod colourless rod
Crystal size (mm) 0.20 x 0.22 x 0.25 0.17 x 0.18 x 0.30
Crystal system monoclinic monoclinic
Space group P21/c P21/c
a (A˚) 7.5530(8) 7.6610(8)
b (A˚) 20.872(2) 20.745(2)
c (A˚) 15.1614(17) 15.2178(17)
β (◦) 97.172(2) 94.733(2)
V (A˚3) 2371.5(4) 2410.3(5)
Z 4 4
µ (mm−1) 1.141 0.907
Total/unique reflections 20496/4586 29276/4992
Rint 0.0683 0.0671
R[F 2 > 2σ(F 2)] 0.0346 0.0387
wR2 (F
2) 0.0848 0.1055
GOF 1.032 1.029
No. of parameters 295 306
∆ρmax/∆ρmin (e A˚
−3) 0.488/-0.572 1.140/-0.702
CCDC 1541918 1541919
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Table 17: Crystal data and refinement results for the Mg/Ag bimetallic coordination
polymers A-4c and A-5a.
Compound A-4c A-5a
Empirical formula C19.4H20.8AgCl1.6MgN3O6.2 C22H22AgCl12MgN3O6
Moiety formula C18H18AgMgN3O6 C18H18AgMgN3O6
0.8CH2Cl2, 0.2C3H6O 4(CHCl3)
Formula weight (g/mol) 584.09 982.00
Crystal description colourless rod colourless plate
Crystal size (mm) 0.17 x 0.22 x 0.40 0.17 x 0.22 x 0.31
Crystal system monoclinic triclinic
Space group P21/c P1¯
a (A˚) 7.562(2) 13.165(3)
b (A˚) 20.872(6) 13.170(3)
c (A˚) 15.196(5) 14.234(3)
α (◦) 93.407(4)
β (◦) 96.769(5) 115.185(3)
γ (◦) 118.122(3)
V (A˚3) 2381.6(12) 1862.2(7)
Z 4 2
µ (mm−1) 1.093 1.459
Total/unique reflections 14382/4900 17150/7777
Rint 0.0786 0.0736
R[F 2 > 2σ(F 2)] 0.0507 0.0544
wR2 (F
2) 0.1116 0.1410
GOF 1.042 1.078
No. of parameters 297 523
∆ρmax/∆ρmin (e A˚
−3) 0.796/-1.016 0.892/-1.196
CCDC 1541926 1541920
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Table 18: Crystal data and refinement results for the Mg/Ag bimetallic coordination
polymers A-5b, A-6 and A-7.
Compound A-5b A-6 A-7
Empirical formula C28H31AgMgN3O7 C19H22AgMgN3O7 C58H78Ag2Mg3N10O22
Moiety formula C18H18AgMgN3O6 C18H18AgMgN3O6 C50H56Ag2Mg3N8O18
1.5(C6H6), CH4O CH4O 2(C3H7NO), 2(CH4O)
Formula weight (g/mol) 653.74 536.57 1555.97
Crystal description colourless block colourless plate colourless block
Crystal size (mm) 0.21 x 0.22 x 0.25 0.15 x 0.18 x 0.20 0.17 x 0.21 x 0.22
Crystal system triclinic monoclinic orthorhombic
Space group P1¯ P21/c Pbca
a (A˚) 10.925(3) 15.0633(11) 17.4437(12)
b (A˚) 11.659(3) 10.9872(8) 14.1394(10)
c (A˚) 14.281(4) 14.9031(11) 29.0311(19)
α (◦) 98.563(4)
β (◦) 107.176(4) 117.1120(10)
γ (◦) 114.537(4)
V (A˚3) 1501.8(7) 2195.5(3) 7160.3(8)
Z 2 4 4
µ (mm−1) 0.739 0.992 0.650
Total/unique reflections 18677/6311 19985/4611 63021/7378
Rint 0.0539 0.0634 0.1085
R[F 2 > 2σ(F 2)] 0.0486 0.0337 0.0391
wR2 (F
2) 0.1391 0.0817 0.0961
GOF 1.072 1.041 1.027
No. of parameters 368 291 437
∆ρmax/∆ρmin (e A˚
−3) 1.300/-0.794 0.697/-0.543 0.586/-0.676
CCDC 1541921 1541922 1541923
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7 Synthesis of 3-(3,5-dimethyl-pyrazol-4-yl)
pentane-2,4-dione (H2acacPz), B
Scheme 15: Synthesis of H2acacPz from a three step reaction.
The H2acacPz ligand was prepared according to the literature method by W. L.
Mosby in three steps (Scheme 15). [21–23] The ligand was prepared by reaction of
3,4-diacethyl-2,5-hexanedione(tetraacetylethane) with hydrazine hydrate in ethanol.
Preparation of tetraacetylethane was accomplished by coupling of sodium acetylace-
tonate, Na(acac).
7.1 Synthesis of Na(acac)
A solution of 40 g (1 mol) sodium hydroxide in 50 ml water was added to 200 ml
methanol. The mixture was added to 100 g (1mol) freshly distilled acetylacetone
at stirring. The creamy-white crystalline salt separated from solution immediately.
The mixture was put in the refrigerator for 6 hours. The product was collected by
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filtration, washed by cold methanol (2 x 5 mL), dried overnight in vacuum desiccator.
The hydrous product Na(acac)·2H2O resulted in phase pure colorless crystals. Yield:
131 g (0.83 mmol, 83%).
7.2 Synthesis of Tetraacetylethane
Solution of 47.0 g (0.185 mol) iodine in 200 mL DMF was added dropwise for 1 h at
5-10 ◦C to an intensively stirred solution of 60.0 g (0.38 mol) of Na(acac)·2H2O in
300 mL DMF. One or two additional 50 mL portions of DMF were added towards
the end of the reaction in the case of necessity, to decrease the viscosity of the
NaI·2DMF slurry. The resulting brown reaction solution was poured into 2 L of ice
water and the mixture was stirred for 15 min. The precipitate was filtered, washed
with water and recrystallized from 2-propanol (3.7 g per 100 mL) yielding pure
colorless tetraketone (28.4 g, 0.14 mol, 78%).
7.3 Knorr Pyrazole Synthesis
Tetraacetylethane (4.95 g, 25 mmol) was mixed with ethanol (125 mL) to afford a
slightly beige slurry. The mixture was heated until it was boiling and then hydrazine
monohydrate (1.2 mL, 25 mmol) was added slowly to the intensly stirred slurry with
a syringe. Hereby a clear, yellow solution was obtained. The solution was then cooled
to room temperature and the solvents were evaporated under reduced pressure. A
yellow oil remained inside the flask. A raw product was obtained by adding water to
this oil. The crude product was purified by recrystallization from 150 mL hot water
(90 ◦C) resulting in colorless needle crystals. Yield: 2.81 g (14.5 mmol, 58.1%).
Spectroscopic data: 1H NMR (d6-DMSO): δ = 16.98 (s, 1H, -OH), 12.33 (s, 1H,
-NH), 2.06 (s, 6H, -CH3), 1.87 (s, 6H, -CH3). Broadening of the signal at 2.06 ppm
associated with the methyl groups in the acetylacetone part of the ligand (Fig. 63)
is due to keto-enol tautomerism. MS-EI: m/z calcd for [C10H14N2O2]
+: 194.1055;
found: 194.1.
7.4 Crystallographic Studies of B
The X-ray diffraction experiments were carried out by Dr. Richard Goddard at PE-
TRA III synchrotron source operated by the German Electron Synchrotron (DESY)
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Figure 63: 1H NMR spectrum of H2acacPz in d6-DMSO.
in Hamburg. An apparent hexagonal unit cell and the overlapped reflections as
well as a relative low |E2-1| suggest this structure is twinned by (pseudo) mero-
hedry. The twin components are yielded via three fold rotation of the unit cell.
In the twin refinement, an appropriately modified set of intensity data taking the
partially overlapped diffraction of three domains into account (HKLF5 format in
SHELXL2013 [120]) gave significantly improved convergence results and relative
domain fractions of 0.31, 0.31 and 0.32. The crystal data and refinement results of
B are summarized in Table 19.
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Table 19: Crystal data and refinement results for B.
Compound B
Empirical formula C30H44N6O7
Moiety formula C30H42N6O6
H2O
Formula weight (g/mol) 600.71
Crystal description colorless, needle
Crystal system monoclinic
Space group P21
a (A˚) 14.823(2)
b (A˚) 8.4950(17)
c (A˚) 14.8230(15)
β (◦) 120.00 (10)
V (A˚3) 1616.5(5)
Z 2
µ (mm−1) 0.056
Total/unique reflections 36164/7679
Rint 0.0577
Flack parameter -0.2(10)
R[F 2 > 2σ(F 2)] 0.0763
wR2 (F
2) 0.2157
GOF 1.046
No. of parameters 392
∆ρmax/∆ρmin (e A˚
−3) 0.340/-0.332
CCDC
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8 N Coordinated Complexes of H2acacPz
8.1 Synthesis of Zn(H2acacPz)2Cl2, B-1.
H2acacPz (9.7 mg, 0.05 mmol) and ZnCl2 (3.4 mg, 0.025 mmol) were dissolved
in methanol (2 mL) and stirred for 10 min at ambient temperature. The clear
solution was left unperturbed for slow evaporation. Colorless crystals grew over
a period of one week. Yield: 10.2 mg (0.019 mmol, 76%). Phase purity of the
product was confirmed by powder diffraction of the bulk material. Anal. Calcd. for
C20H28Cl2N4O4Zn: C: 45.78, H: 5.38, N: 10.68. Found: C: 45.04, H: 5.95, N: 10.20.
8.2 Synthesis of [Ag(H2acacPz)2]NO3·H2O, B-2.
AgNO3 (4.2 mg, 0.025 mmol) was dissolved in one drop of water and 1 mL of
methanol was added. H2acacPz (9.7 mg, 0.05 mmol) was dissolved in MeOH (1 mL).
These two solutions were combined and stirred for 10 min at ambient temperature.
The clear reaction mixture was left unperturbed for slow evaporation. Colorless
crystals grew over a period of one week. Yield: 7.2 mg (0.012 mmol, 48%). Phase
purity of the product was confirmed by powder diffraction of the bulk material Anal.
Calcd. for C20H30AgN5O8: C: 41.68, H: 5.25, N: 12.15. Found: C: 42.01, H: 5.67,
N: 11.61.
8.3 Crystallographic Studies of B-1 and B-2
In B-2, the nitrate anion and the water molecule are disordered about a crystal-
lographic center of inversion; the situation is depicted in Fig. 64. For reasons of
symmetry and charge balance, the mutually exclusive components were assigned
half occupancy and a common isotropic displacement parameter in the least squares
refinement. The crystal data of the N coordinated B-1 and B-2 have been summa-
rized in Table 20.
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Figure 64: In B-2, the nitrate anion and water molecule are disordered about a crystallo-
graphic center of inversion.
8.4 Raman Spectra of B-1 and B-2
Figure 65: Raman Spectra of B-1 and B-2.
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Table 20: Crystal data and refinement results for N coordination compounds B-1, B-2.
Compound B-1 B-2
Empirical formula C20H28Cl2N4O4Zn C20H30AgN5O8
Moiety formula C20H28Cl2N4O4Zn C20H28AgN4O4
NO3, H2O
Formula weight (g/mol) 524.73 576.36
Crystal description colorless plate colorless block
Crystal size (mm) 0.29 x 0.17 x 0.09 0.19 x 0.18 x 0.10
Crystal system monoclinic triclinic
Space group C2/c P 1¯
a (A˚) 25.914(3) 6.311(4)
b (A˚) 7.3777(9) 7.438(5)
c (A˚) 12.9236(16) 13.725(9)
α (◦) 74.584(12)
β (◦) 101.076(2) 82.418(12)
γ (◦) 71.287(11)
V (A˚3) 2424.8(5) 587.4(7)
Z 4 1
µ (mm−1) 1.266 0.914
Total/unique reflections 6570/2215 5371/2399
Rint 0.0602 0.0530
R[F 2 > 2σ(F 2)] 0.0307 0.0450
wR2 (F
2) 0.0983 0.0975
GOF 1.050 1.019
No. of parameters 151 172
∆ρmax/∆ρmin (e A˚
−3) 0.442/-0.579 0.935/-1.237
CCDC 1478683 1478684
9 N,N Bridging Complexes of H2acacPz
9.1 Synthesis of [Ag6(HacacPz)6]·2EtOH, B-3a,
[Ag6(HacacPz)6]·4EtOH, B-3b and
[Ag6(HacacPz)6]·0.5CH2Cl2·1.5C4H10O, B-3c.
Solutions of Ag(PhCOO) (11.5 mg, 0.05 mmol) in THF (2 mL) and H2acacPz (9.7
mg, 0.05 mmol) in MeOH (2 mL) were combined. The mixture was stirred for 12 h at
ambient temperature and the phases were separated by centrifugation. The super-
natant liquid was discarded and the solid residue was washed twice with MeOH (2
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mL). Yield: 9.6 mg of Ag6(HacacPz)6 (0.0053 mmol, 64%). Colorless block-shaped
crystals of B-3a and B-3b were obtained by slow diffusion of EtOH into a CH2Cl2
solution of Ag6(HacacPz)6 within two days. Crystals of B-3c were prepared in an
analogous way using 2-butanol instead of EtOH as antisolvent in diffusion. All sol-
vates of B-3 lose solvent very fast as evidenced by powder diffraction. When solid
B-3a is freshly isolated, hardly ground and subjected to powder diffraction with the
protection of perfluoropolyallyether, the powder pattern of the bulk is in agreement
with the expectation from the single crystal structure. No fully satisfactory elemen-
tal analysis has been obtained for 3. Anal. Calcd. for C60H78Ag6N12O12: C: 39.89,
H: 4.35, N: 9.30. Found: C: 37.43, H: 4.37, N: 9.34.
9.2 Synthesis of [Pd2(HacacPz)2(H2acacPz)2(OOCCH3)2]
·C6H6, B-4.
Solutions of H2acacPz (194 mg, 1 mmol) in CH2Cl2 (5 mL) and palladium ac-
etate (112 mg, 0.5 mmol) in CH2Cl2 (10 mL) were combined. The mixture was
stirred for 16 h at 35 ◦C. The clear yellow solution was concentrated with a rotary
evaporator until a yellow powder was obtained. Yield: 232 mg (0.21 mmol, 84%).
Yellow block-shaped crystals of B-4 was obtained by slow diffusion of benzene into
a CH2Cl2 solution of the product within one week. Due to the desolvation of ben-
zene, no satisfactory powder pattern has been obtained for B-4. Anal. Calcd. for
Pd2(HacacPz)2(H2acacPz)2(OOCCH3)2 (after desolvation of benzene): C: 47.79, H:
5.47, N: 10.13. Found: C: 47.62, H: 5.12, N: 10.26. Found: C: 37.43, H: 4.37, N:
9.34.
9.3 Crystallographic Studies of B-3a to B-4
In B-3a, the solvent molecule was refined as ethanol with similarity restraints for
its displacement parameters. The assignment of EtOH to the electron density in the
solvent-containing void was in agreement with a tentative SQUEEZE [124] calcula-
tion. Electron density in the solvent-accessible voids of B-3b was handled with the
SQUEEZE [112] algorithm. The 1H NMR spectra for B-3c confirmed the identity
of the clathrated solvents CH2Cl2 and 2-butanol. Distance and displacement simi-
larity restraints were used for the refinement of the CH2Cl2 molecule; its occupancy
converged to ca. 0.5. No structure model could be obtained for 2-butanol because
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of severe disorder. Therefore, in the final structure model for B-3c, atoms in the
CH2Cl2 molecule were assigned half occupancy and the electron density in the re-
maining solvent-accessible voids was handled with the SQUEEZE [112] algorithm.
The crystal data of the N,N’ bridging coordination compounds B-3a to B-4 have
been summarized in Table 21.
9.4 Raman Spectrum of B-3
Figure 66: Raman spectrum of B-3.
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Table 21: Crystal data and refinement results for N,N’ bridging compounds B-3a and
B-3b.
Compound B-3a B-3b
Empirical formula C64H90Ag6N12O14 C68H102Ag6N12O16
Moiety formula C60H78Ag6N12O12 C60H78Ag6N12O12
2(C2H6O) 4(C2H6O)
Formula weight (g/mol) 1898.69 1990.84
Crystal description colorless rod colorless block
Crystal size (mm) 0.16 x 0.09 x 0.08 0.27 x 0.27 x 0.16
Crystal system triclinic triclinic
Space group P 1¯ P 1¯
a (A˚) 11.250(2) 10.780(4)
b (A˚) 14.032(3) 14.439(6)
c (A˚) 14.434(3) 26.241(10)
α (◦) 117.441(3) 74.511(6)
β (◦) 110.836(3) 86.050(7)
γ (◦) 90.525(4) 87.599(7)
V (A˚3) 1848.3(6) 3925(3)
Z 1 2
µ (mm−1) 1.625 1.537
Total/unique reflections 16103/7252 35904/16091
Rint 0.0640 0.0869
R[F 2 > 2σ(F 2)] 0.0570 0.0531
wR2 (F
2) 0.1385 0.0972
GOF 1.008 0.985
No. of parameters 454 835
∆ρmax/∆ρmin (e A˚
−3) 1.395/-1.227 1.521/-1.379
CCDC 1478685 1478686
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Table 22: Crystal data and refinement results for N,N’ bridging compounds B-3c and
B-4.
Compound B-3c B-4
Empirical formula C66.5H94Ag6ClN12O13.5 C50H66N8O12Pd2
Moiety formula C60H78Ag6N12O12 C44H60N8O12Pd2
0.5(CH2Cl2), 1.5(C4H10O) C6H6
Formula weight (g/mol) 1960.21 1183.90
Crystal description coloress block yellow plate
Crystal size (mm) 0.23 x 0.23 x 0.17 0.12 x 0.47 x 0.50
Crystal system triclinic monoclinic
Space group P 1¯ P21/c
a (A˚) 10.8760(11) 19.696(3)
b (A˚) 14.5740(14) 10.9488(17)
c (A˚) 26.271(3) 26.163(4)
α (◦) 74.177(2)
β (◦) 86.005(2) 102.446(3)
γ (◦) 88.246(2)
V (A˚3) 3966.2(7) 5509.5(15)
Z 2 4
µ (mm−1) 1.538 0.718
Total/unique reflections 43747/14425 59756/10252
Rint 0.0557 0.0818
R[F 2 > 2σ(F 2)] 0.0539 0.0454
wR2 (F
2) 0.1679 0.1154
GOF 1.033 1.073
No. of parameters 862 669
∆ρmax/∆ρmin (e A˚
−3) 1.601/-0.819 0.622/-0.992
CCDC 1478687
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10 O,O’ Coordinated Complexes of H2acacPz
10.1 Synthesis of [Mg(HacacPz)2(MeOH)2]·2MeOH, B-5a,
Mg(HacacPz)2(MeOH)2, B-5b and
[Mg(HacacPz)2(MeOH)2]·1.28H2O, B-5c
Magnesium methoxide was prepared by reaction of Mg (23.9 mg, 1 mmol) with
dry MeOH (10 mL) at room temperature; standard Schlenk technique was used to
exclude moisture and oxygen. This magnesium methoxide solution was combined
with a solution of H2acacPz (388.5mg, 2 mmol) in dry MeOH and stirred for 3
h. The colorless precipitate consisted of larger crystals of B-5a. It was recovered
by filtration and washed with ca. 0.5 mL of cold MeOH and dried in a desiccator.
Yield: 299.3 mg (0.63 mmol, 63%). The methanol solvate B-5a undergoes fast de-
solvation as evidenced by powder diffraction. When solid B-5a is freshly isolated,
hardly ground and subjected to powder diffraction with the protection of perfluo-
ropolyallyether, the powder pattern indicates concomitant presence of solvated and
desolvated material. Slow evaporation of the methanol solution of B-5 could also
result in another crystalline solid. Single crystal X-ray characterized it as the molec-
ular structure B-5b, which contains less methanol than B-5a. B-5c was obtained
by slow diffusion of water into a methanol solution of B-5 overnight. Anal. Calcd.
for C22H34MgN4O6 (desolvation of uncoordinated solvents): C: 55.65, H: 7.22, N:
11.80. Found: C: 54.60, H: 6.62, N: 12.70.
10.2 Synthesis of Al(HacacPz)3·0.7MeOH·0.6H2O, B-6
H2acacPz (582.8 mg, 3 mmol) was dissolved in 20 mL ethanol. Aluminum ethylate
(162.2 mg, 1 mmol) was suspended in the solution of the ligand. The suspension
was stirred for 48 hours at 40 ◦C. The insoluble suspension was removed by centrifu-
gation. The supernatant liquid was kept, evaporated and washed with DCM to get
the product in white powder. Yield: 260.9 mg (0.43 mmol, 43%). Recrystallization
from methanol allowed the growth of suitable single crystals.
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10.3 Crystallographic Studies of B-5a to B-6
In B-5c, positional disorder of water molecules was encountered. Site occupancy
refinement of them converged for a ratio of 72.5(7) : 27.5(7)%, with the sum of
the site occupancies of both alternative water molecules constrained to unity. In
B-6, static disorder of one pyrazolyl moiety was encountered. A site occupancy
refinement for the alternative components together with geometrical and distance
restrains converged for a ratio of 41.9(4) : 58.1(4)%, with the sum of the site con-
strained to unity. Distance restraint was used for the refinement of the not fully
occupied methanol molecule; its occupancy converged to 29.5(7)%. A substitutional
disorder of water and methanol was found in B-6. Site occupancy refinement of
them converged for a ratio water : methanol 56.3(5) : 43.7(5)%, with the sum of
the site occupancies of both alternative solvents constrained to unity. In the final
structure model, all the disordered solvents were assigned with a common isotropic
displacement parameter. The crystal data of the N,N’ bridging coordination com-
pounds B-5a to B-6 have been summarized in Table 23 and Table 24.
10.4 Raman Spectrum of B-5
Figure 67: Raman spectrum of B-5.
107
Chapter IV. Experimental
Table 23: Crystal data and refinement results for O,O’ coordinated compounds B-5a and
B-5b.
Compound B-5a B-5b
Empirical formula C24H42MgN4O8 C22H34MgN4O6
Moiety C22H34MgN4O6 C22H34MgN4O6
2(CH4O)
Formula weight (g/mol) 538.92 474.84
Crystal description colorless block colorless block
Crystal size (mm) 0.27 x 0.25 x 0.20 0.17 x 0.28 x 0.46
Crystal system orthorhombic triclinic
Space group Pbca P 1¯
a (A˚) 14.085(5) 11.226(2)
b (A˚) 13.903(5) 11.792(2)
c (A˚) 15.487(5) 16.375(3)
α (◦) 101.252(4)
β (◦) 105.185(3)
γ (◦) 91.620 (4)
V (A˚3) 3032.9(19) 2044.6(7)
Z 4 3
µ (mm−1) 0.106 0.105
Total/unique reflections 8607/3031 25206/8573
Rint 0.0770 0.0693
R[F 2 > 2σ(F 2)] 0.0532 0.0575
wR2 (F
2) 0.1166 0.1760
GOF 1.016 1.022
No. of parameters 184 463
∆ρmax/∆ρmin (e A˚
−3) 0.274/-0.286 0.370/-0.325
CCDC 1478688
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Table 24: Crystal data and refinement results for O,O’ coordinated compounds B-5c and
B-6.
Compound B-5c B-6
Empirical formula C22H36.56MgN4O7.28 C30.7H42AlN6O7.3
Moiety C22H34MgN4O6 C30H39AlN6O6
1.28(H2O) 0.7(CH4O), 0.6(H2O)
Formula weight (g/mol) 497.90 638.49
Crystal description colorless block colorless block
Crystal size (mm) 0.24 x 0.21 x 0.20 0.25 x 0.26 x 0.33
Crystal system orthorhombic monoclinic
Space group P21212 P21/c
a (A˚) 10.082(4) 11.761(2)
b (A˚) 15.208(6) 29.008(6)
c (A˚) 9.263(4) 10.943(2)
β (◦) 97.613(4)
V (A˚3) 1420.3(9) 3700.5(13)
Z 2 4
µ (mm−1) 0.106 0.104
Total/unique reflections 7161/2660 41308/6885
Rint 0.0777 0.1176
R[F 2 > 2σ(F 2)] 0.0674 0.0893
wR2 (F
2) 0.1800 0.2740
GOF 1.030 1.017
No. of parameters 161 403
∆ρmax/∆ρmin (e A˚
−3) 0.741/-0.511 0.928/-1.088
CCDC
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11 Products from Cross-linking Reaction
11.1 Synthesis of Mg1−xCdx(HacacPz)2Cd(OOCCH3)2, B-7
In a test tube, B-5 (9.5 mg, 0.02 mmol) was dissolved in a mixture of MeOH/CH2Cl2
(1 mL/1 mL). The solution was layered by a mixture of 0.5 mL CH2Cl2 and 0.5
mL MeOH. A top layer of Cd(OOCCH3)2 ·H2O (5.3 mg, 0.02 mmol) in 1 mL of
MeOH was added and the test tube was left unperturbed at room temperature for
crystallization by diffusion. Colorless crystals of B-7a formed within two days. The
composition Mg1−xCdx(HacacPz)2Cd(OOCCH3)2, x = 0.065(3) was determined by
single crystal X-ray diffraction. Yield: 8.2 mg (0.013 mmol, 65%). Phase purity
of the product was confirmed by powder diffraction of the bulk material. When an
excess of cadmium acetate was used by changing the reaction stoichiometry B-5 :
Cd(OOCCH3)2·H2O to 1 : 2, the solid B-7b was obtained. It is isomorphous to
5a, with x = 0.137(4). Yield: 9.7 mg (0.015 mmol, 75%). No fully satisfactory
elemental analysis was obtained for B-7.
11.2 Crystallographic Studies of B-7
In B-7a, the exclusively O-coordinated cation showed substitutional disorder: in
addition to its major occupancy by Mg, a minor site occupancy of Cd was detected.
Fig. 68 compiles displacement parameter plots for tentative variations in the occu-
pancy factors: visual inspection also confirms a low Cd(II) content. Coordinates and
displacement parameters for the alternative cations were constrained to be equal and
the sum of their site occupancies was constrained to unity; relative site occupancy
converged to a Mg : Cd ratio of 93.5(3) : 6.5(3). The same type of substitutional
disorder was detected in B-7b, albeit with a higher Cd content of 13.7(4)%. After
refinement of the disorder model for B-7b, a list of disagreeable reflections showed
a clear tendency for F 2(obs.)F 2(calc.). A test with the TwinRotMat option in
PLATON [64] confirmed non-merohedral twinning for this sample, with 375 out of
3066 reflections overlapping. An appropriately modified set of intensity data taking
the partially overlapped diffraction of both domains into account (HKLF5 format
in SHELXL97 [125]) gave significantly improved convergence results and relative
domain fractions of 0.82 and 0.18. The crystal data of the bimetallic coordination
polymers B-7a to B-7b have been summarized in Table 25.
110
Chapter IV. Experimental
Figure 68: Illustration of the refinement results with variable minor site occupancy by
Cd(II) in B-7a. Ellipsoids are drawn at 50 % probability, all H atoms are omitted for
clarity. The site occupancy refinement result has been highlighted.
11.3 Raman Spectrum of B-7
The Raman spectra for solids B-5 and B-7 show a band at ca. 400 cm−1 which is
absent in those of B-1 to B-3, which can be tentatively assigned to Mg-O stretching.
Figure 69: Raman spectrum of B-7.
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Table 25: Crystal data and refinement results for the Mg/Cd bimetallic compounds B-7a
and B-7b. a: highest peak 2.403 is 1.03 A˚ from Cd2; b: deepest hole -1.564 is 0.93 A˚
from Cd2.
Compound B-7a B-7b
Empirical formula C24H32Cd1.06Mg0.94N4O8 C24H32Cd1.14Mg0.86N4O8
Moiety formula C24H32Cd1.06Mg0.94N4O8 C24H32Cd1.14Mg0.86N4O8
Formula weight (g/mol) 646.52 653.36
Crystal description colorless block colorless block
Crystal size (mm) 0.16 x 0.14 x 0.13 0.23 x 0.18 x 0.17
Crystal system monoclinic monoclinic
Space group C2/c C2/c
a (A˚) 13.494(5) 13.490(3)
b (A˚) 15.208(6) 15.129(4)
c (A˚) 15.540(6) 15.529(4)
β (◦) 110.905(7) 110.683(4)
V (A˚3) 2979.3(19) 2965.0(13)
Z 4 4
µ (mm−1) 0.843 0.900
Total/unique reflections 12442/2777 8489/3066
Rint 0.1516 0.0939
R[F 2 > 2σ(F 2)] 0.0593 0.0714
wR2 (F
2) 0.1376 0.1892
GOF 0.968 1.081
No. of parameters 183 184
∆ρmax/∆ρmin (e A˚
−3) 0.935/-1.237 2.403a/-1.564b
CCDC 1478689 1478690
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11.4 Synthesis of [Cu2(HacacPz)2(OH2)(SO4)]
·0.25 CH2Cl2·6CH4O, B-8
MOF B-8 was obtained via transmetallation between B-5 and copper sulfate. Crys-
tals suitable for diffraction were obtained by reactant diffusion at room temperature.
Solid CuSO4·5H2O (10.0 mg, 0.04 mmol) was placed on the bottom of a test tube. 1
mL of CH2Cl2 was used as an intermediate solvent layer, and a solution of B-5 (8.2
mg, 0.02 mmol) in 2 mL of methanol was layered on top. After 2 days, transpar-
ent green block-shaped crystals of B-8 had formed. These crystals turned opaque
within seconds when removed from mother liquor due to rapid loss solvent at ambi-
ent temperature; the sample for single crystal X-ray diffraction was transferred as
fast as possible into a stream of cold nitrogen. The results of the diffraction experi-
ment confirmed that more than half of the unit cell volume is occupied by severely
disordered solvent molecules. No completely satisfactory elemental analysis could
be obtained: After solvent loss, the framework of B-8 is hygroscopic. When a desol-
vated sample is transferred from ambient humidity to a desiccator and back, it loses
and regains weight (approximately 10 %). This difference in weight approximately
corresponds to 4 molecules of water per framework formula.
Yield: 7.6 mg (0.12 mmol, 60 %); this yield refers to the desolvated framework.
Anal. Calcd. for C20H30Cu2N4O10S (framework after removal of clathrated MeOH
and CH2Cl2): C: 37.21, H: 4.68, N: 8.68; for C20H38Cu2N4O14S (framework after
removal of clathrated MeOH and CH2Cl2 and uptake of 4 equivalents of water): C:
33.47, H: 5.34, N: 7.81. Found: C: 32.58, H: 4.89, N: 8.54.
11.5 Crystallographic Studies of B-8
The bridging sulfate moiety was treated as disordered about a twofold axis. In con-
trast to compound B-7, the transmetallation reported here between Mg(HacacPz)2
and copper sulfate is complete. This can be confirmed by a reasonable displacement
parameter for the Cu(II) center and is further corroborated by the expected Jahn-
Teller distortion of the octahedral coordination sphere about the transition metal
cation. The target compound crystallizes as a racemic mixture in the chiral space
group I213; the Flack enantiopol parameter [126, 127] of 0.034(11) confirmed that
the final structure model reflected the correct handedness for the arbitrarily chosen
sample crystal.
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The very large disordered solvent region in the unit cell was handled according to
the BYPASS algorithm [112] as implemented in the recent PLATON [113] versions:
A grid search identifies solvent-accessible areas, and the contribution of the electron
content in these regions to the total structure factor is taken into account. In
our case, the solvent-accessible volume amounts to 8773 A˚3, i.e. 54.8 % of the
total unit cell volume of 16007 A˚3. No structure model with atomic resolution
could be established for this solvent-occupied part of the cell, and we therefore
recurred to an alternative analytical method to elucidate the composition of the
disordered solvent. B-8 completely dissociated in dimethylsulfoxide (DMSO). From
the 1H NMR spectrum of B-8 in d6-DMSO, a methanol : dichloromethane ratio of
24 : 1 was calculated. The electron count in the solvent accessible volume, 1574
electrons, matches the composition C20H30Cu2N4O10S·0.25CH2Cl2·6CH4O; i. e. the
presence of three molecules of dichloromethane and 72 molecules of methanol per
unit cell. It is in agreement with the solvent ratio suggested by NMR and represents
a compromise with respect to volume requirements and electron count. The crystal
data of this metal-organic framework have been summarized in Table 26.
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Table 26: Crystal data and refinement results for B-8.
Compound B-8
Empirical formula C26.25H54.50Cl0.5Cu2N4O16S
Moiety formula C20H30Cu2N4O10S
0.25 CH2Cl2, 6 CH4O
Formula weight (g/mol) 859.10
Crystal description green, block
Crystal size (mm) 0.21 x 0.33 x 0.35
Crystal system cubic
Space group I213
a (A˚) 25.202(2)
V (A˚3) 16007(4)
Z 12
µ (mm−1) 0.912
Total/unique reflections 49444/5500
Rint 0.0906
Flack parameter 0.034(11)
R[F 2 > 2σ(F 2)] 0.0687
wR2 (F
2) 0.1867
GOF 1.046
No. of parameters 181
∆ρmax/∆ρmin (e A˚
−3) 0.462/-0.253
CCDC 1532377
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12 Products from Enforced Deprotonation Ap-
proach
12.1 Synthesis of Cu4(HacacPz)8, B-9
Solid CuCO3·Cu(OH)2 (0.011 g, 0.05 mmol) was placed on the bottom of a test
tube. A solution of H2acacPz (0.019g, 0.10 mmol) in 5 mL methanol was layer on
top. After two months, green plate-shaped crystals of B-9 had formed. Due to the
low solubility of CuCO3·Cu(OH)2 in methanol, this reaction requires a long period.
Attempt of speeding up the reaction by heating is not successful because of the
ligand decomposition during heating. Phase purity of the product was confirmed by
powder diffraction of the bulk material.
12.2 Synthesis of Hg2(acacPz)(CH3COO)2, B-10
In a test tube, H2acacPz (3.9 mg, 0.02 mmol) was dissolved in a mixture of 1 mL
MeOH and 2 mL CH2Cl2. The solution was layered by a mixture of 0.5 mL CH2Cl2
and 0.5 mL MeOH. A top layer of Hg(OOCCH3)2 (12.7 mg, 0.04 mmol) in 2 mL
of MeOH was added and the test tube was left unperturbed at room temperature
for crystallization by diffusion. Colorless crystals of B-10 formed within two days.
The composition Hg2(acacPz)(CH3COO)2 was determined by single crystal X-ray
diffraction. Yield: 6.4 mg (0.009 mmol, 45%).
12.3 Crystallographic Studies of B-9 and B-10
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Table 27: Crystal data and refinement results for bimetallic compounds B-9 and B-10.
a: deepest hole -2.146 is 0.85 A˚ from Hg1.
Compound B-9 B-10
Empirical formula C80H104Cu4N16O16 C14H18Hg2MgN2O6
Moiety formula C80H104Cu4N16O16 C10H12Hg2MgN2O2
2(CH3COO)
Formula weight (g/mol) 1799.95 711.48
Crystal description green plate colorless block
Crystal size (mm) 0.14 x 0.27 x 0.30 0.08 x 0.08 x 0.17
Crystal system monoclinic monoclinic
Space group P21/c I 2/a
a (A˚) 8.9058(11) 12.714(4)
b (A˚) 32.065(4) 8.501(2)
c (A˚) 16.2689(19) 16.126(6)
β (◦) 102.273(2) 96.614(4)
V (A˚3) 4539.6(9) 1731.4(10)
Z 2 4
µ (mm−1) 0.993 17.744
Total/unique reflections 54182/9236 20526/1797
Rint 0.0888 0.1128
R[F 2 > 2σ(F 2)] 0.0529 0.0330
wR2 (F
2) 0.1674 0.0797
GOF 1.098 1.047
No. of parameters 540 113
∆ρmax/∆ρmin (e A˚
−3) 0.505/-1.120 1.140/-2.146a
CCDC
13 Phase Transiton
13.1 Phase Transition in Mg(acacCN)2(H2O)2
13.1.1 Study of the Phase Transition via Temperature Dependent Pow-
der Diffraciton
The temperature and the reversibility of the phase transition was determined by
powder diffraction. The temperature-dependent X-ray studies were performed to
precisely determine the temperature of the phase transition. The measurements
were done using a Huber G645 Guinier powder diffractometer (transmission geom-
etry, Cu-Kα1 radiation (λ = 1.54059 A˚)) with a position-sensitive detector (STOE,
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Darmstadt) in the range between 10◦ and 30◦ in 2θ. The flat sample was cooled in
an evacuated chamber via a closed-cycle refrigerator, allowing precise temperature
control between 10 K and 350 K. The experiment included cooling from 290 to 30
K and heating back to 290 K.
13.2 Phase Transition in [Pd(acacCN)2Ag]X (X = BF4, ClO4)
13.2.1 Synthesis of [Pd(acacCN)2Ag(MeOH)]0.5BF40.5ClO4, A-2c
In a test tube, the building block Pd(acacCN)2 (0.018 g, 0.05 mmol) was dissolved
in 3 mL CH2Cl2. A solvent mixture of 0.10 mL CH2Cl2 and 0.10 mL CH3OH was
used as an intermediate layer, and a solution of AgBF4 (0.008g, 0.04 mmol) and
AgClO4 (0.002g, 0.01 mmol) in 1 mL CH3OH was layered on top. After 2 days,
yellow crystals of A-2c were obtained. The composition of these mixed crystals
with respect to the anion content was determined by site occupancy refinement and
controlled by 19F NMR spectroscopy. For this purpose, a known quantity of B-2c
was decomposed by addition of NaI in D2O; after separation from the precipitated
AgI, a solution of NaF in D2O was added as internal standard. Integration of the
19F resonances suggested a BF4
− content of ca. 0.4 per Ag(I) cation.
13.2.2 Study of the Phase Transition via Temperature Dependent Single
Crystal Diffraciton
Powder diffraction would usually be the method of choice and much faster; pow-
der samples of the coordination polymers A-2a to A-2c, however, undergo fast
desolvation of co-crystallized methanol, and reliable powder patterns can only be
obtained on moist samples for a short period. All diffraction data have therefore
been collected on single crystals which proved considerably more stable towards
solvent evaporation. For each compound, a subset of intensity data was collected
at intervals of 15 K to roughly determine the transition temperature. Close to the
phase transition, complete intensity data sets were collected according to nested
intervals above and below the transition temperature in 3 K steps. In this way, the
phase transition temperature could be determined with reasonable accuracy and at
the same time the reversibility of the transition could be proven.
The structure model for the α phases has been described; the crystal structure of
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the β phase was solved by Direct methods. For easier comparison, structure models
for the low temperature α phase of all compounds A-2a, A-2b and A-2c were
derived from intensity data collected at 100 K. The crystal structures for the high
temperature β phase of A-2a and A-2b are based on data sets collected at 320
K; no attempt was made to obtain a structure model at atomic resolution for the
(necessarily disordered) β phase of A-2c under these conditions.
13.2.3 Crystallographic Studies of A-2a, A-2b at 320K and A-2c at 100K
In the case of A-2c, tentative refinements allowed to exclude simple BF4
− or ClO4−
models for the anion; treatment of this site as substitutionally disordered by both
moieties, with constrained coordinates and anisotropic displacement parameters,
suggested a slight (60 : 40) preference of tetrafluoroborate over perchlorate. In
view of the correlation between displacement parameters and site occupancies and
the potential bias introduced by constraining F (in BF4
−) and O (in ClO4−) to the
same coordinates, we undertook an independent analysis based on integration of the
19F NMR resonances (see above). This experiment confirmed the almost equimolar
presence of both anion species but rather suggested a slightly preferential occupancy
of the anion site by perchlorate. In the final structure model for A-2cα, the anion
as therefore treated as disordered with equal occupancy for tetrafluoroborate and
perchlorate, in reasonable agreement with the results of both experimental methods.
The crystal data of the bimetallic coordination polymers A-2a, A-2b at 320K as
well as A-2c at 100K have been summarized in Table 28.
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Table 28: Crystal data and refinement results for A-2a, A-2b at 320K as well as A-2c
at 100K. a: deepest hole -1.189 is 0.74 A˚ from Ag1; b: highest peak 2.432 is 0.87 A˚ from
Pd1; c: deepest hole -1.105 is 0.53 A˚ from B1.
Compound A-2aβ A-2bβ A-2cα
Temperature (K) 320(2) 320(2) 100(2)
Space Group C2/c C2/c P21/c
a (A˚) 11.9640(16) 11.9150(17) 11.6840(11)
b (A˚) 17.688(2) 17.722(3) 17.2956(16)
c (A˚) 9.1080(11) 9.1692(13) 9.1223(9)
β (◦) 96.437(3) 96.440(2) 98.158(2)
V (A˚3) 1915.3(4) 1924.0(5) 1824.8(3)
µ (mm−1) 2.025 2.139 2.190
Total/unique reflections 5071/1747 10680/1794 19702/3294
Rint 0.0245 0.0508 0.0423
R[F 2 > 2σ(F 2)] 0.0322 0.0359 0.0412
wR2 (F
2) 0.1291 0.1194 0.1063
GOF 1.000 0.986 1.060
No. of parameters 137 137 250
∆ρmax/∆ρmin (e A˚
−3) 0.411/-0.515 0.659/-1.189a 2.432b/-1.105c
CCDC 1042065 1042066 1042067
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